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This work characterizes the behavioral effects of altered dopamine

transmission and tests the hypothesis that manipulating behavior impacts recovery

following injury in models of Parkinson’s disease (PD).  The MPTP mouse model

of PD has been limited by the lack of measurable and persistent motor deficits.

We developed several sensitive measures of motor impairment in MPTP mice.

These tests could detect motor deficits that were persistent over time, reversed

through L-DOPA treatment, and highly correlated to striatal dopamine and

dopaminergic terminal markers.  We also identified a specific olfactory deficit in

mice with altered dopamine neurotransmission (dopamine transporter or D2

receptor knockout mice) implicating the D2 receptor in the olfactory dysfunction

seen in patients with disorders involving dopamine systems.  Understanding of
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these early behavioral and sensory symptoms of altered dopamine transmission

will allow for earlier detection of the disorder and improved prognosis for PD

patients.

Significant declines in physical activity begin years before the diagnosis of

PD.  We believe that this striking inactivity is not only a symptom of the

dopamine neuron degeneration, but could also be contributing to the progression

of the disease.  Therefore, we manipulated the level of activity following

nigrostriatal injury in both 6-hydroxydopamine (6-OHDA) and MPTP retire-

breeder mouse models of PD.  In both models, moderate running following injury

resulted in long-term behavioral improvements and increased striatal dopamine

system integrity.  In addition, we tested the hypothesis that decreased physical

activity during nigrostriatal degeneration could augment dopamine cell loss.  Rats

given doses of 6-OHDA that would normally result in only mild loss of DA and

no measurable behavioral deficit were forced to disuse the lesioned motor system.

In these animals, the neurochemical and behavioral deficit was similar to that of a

severe lesion.  MPTP mice with lateralized use of the forelimbs (one forelimb

casted to prevent movement) showed sustained asymmetry of behavior and

striatal dopaminergic markers. These studies support the role of physical therapy

in the treatment of PD, and strongly suggest that decreased activity is not only a
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symptom of dopamine loss, but plays an active role in the progressive

degeneration in PD.
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General Introduction

PARKINSON’S DISEASE

The mesotelencephalic dopaminergic system is comprised of three

subdivisions: the nigrostriatal, the mesolimbic and the mesocortical projections

systems.  The dopamine neurons located in the substantia nigra give rise to the

nigrostriatal system.  These ascending fibers run dorsolateral to the medial

forebrain bundle (MFB) and project to the caudate-putamen, or the striatum.  It is

this division of the dopaminergic system that is most affected in Parkinson’s

disease (PD) (Carpenter, 1991; Feldman, 1997).  Dopamine is one of the three

catecholamine neurotransmitters synthesized from the essential amino acid

tyrosine (the other two being norepinephrine and epinephrine).  Dopamine is

transported into presynaptic vesicles via the vesicular monoamine transporter

(VMAT2) (Edwards, 1993) and can be released both from the dendrites in the

SNr and from axon terminals in the striatum (Cheramy et al., 1981).  The primary

actions of dopamine in the striatum are carried out through binding two different

classes of G protein-coupled receptors, dopamine D1 and D2 receptors (Kebabian

and Calne, 1979).  The interaction of dopamine and D1 receptors activates

adenylate cyclase, while dopamine binding to the D2 receptor results in an

inhibition of cAMP (Vallar and Meldolesi, 1989).  In addition to inhibitory post-
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synaptic function, D2 receptors also act as inhibitory autoreceptors on the

presynaptic membrane of both dendrites and axon terminals of projecting DA

neurons (Gerfen, 1992).  The striatopallidal target neurons predominately express

D2 receptors, whereas the striatonigral neurons express D1 receptors (Gerfen,

1992).

Dopamine synaptic activity is inactivated through two mechanisms,

synaptic uptake and catabolism.  The primary method of inactivation is through a

Na+/Cl- dependent transporter, the dopamine transporter (DAT) (Giros and Caron,

1993).  Once transported into the terminal, the dopamine is repackaged into

synaptic and dense core vesicles via VMAT2 (Edwards, 1993).  Though active

transport is the primary method of termination, the catabolism of dopamine via

catechol-O-methyltransferase (COMT) and monoamine oxidase (MAO) also

work to prevent excessive accumulation (Kopin, 1985).  COMT is primarily

located in glia cells, whereas MAO is present in both neurons and glial cells,

specifically located on the outer membranes of mitochondria.  The localization of

MAO to mitochondria (which have high prevalence in nerve terminals) results in

easy access to excess cytopolasmic DA in the nerve terminal (Feldman, 1997).

The complicated circuitry of the basal ganglia creates a web of differential

neurochemical and interactions.  The elucidation of the role of dopamine activity

in transforming cellular activity to behavioral outcome has thus been left to
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indirect evidence.  The predominant conceptual model of basal ganglia control of

motor function describes a balance between two systems, the direct and indirect

pathway (Feldman, 1997).  In this model the basal ganglia are responsible for

facilitation of the desired motor behavior and the suppression of potentially

competing behaviors.  The primary relay stations of the basal ganglia are the

globus pallidus interna and the SNr.  Information flow from the cortex is relayed

to the CPU and sub-thalamic nucleus (STN).  The excitation of the GABAergic

striatal neurons suppresses the activity of the pallidal neurons, as well as, their

neighboring neurons through local collaterals.  The excitatory subthalamopallidal

neurons, which are excited by cortical afferents, increase the activity of pallidal

neurons.  These two interactions result in the medial pallidum being inhibited

(thus a release of pallidal inhibition upstream of these connections), and the

surrounding pallidus will be further excited, resulting in increased inhibition of

target neurons of the midbrain and thalamus.  This results in net disinhibition of

the desired motor programs via the thalamus and midbrain nuclei, and, at the

same time, inhibition of antagonistic motor programs leading to a successful

movement-related behavior.  The role of the dopamine neurons in this circuitry is

to coordinate the activity of the different nuclei outlined above, and to allow a

refinement of the basal ganglia information processing (Feldman, 1997).  Though

this model is admittedly a simplified version of the circuitry, it does allow for
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some explanation of the neurophysiological and behavioral alterations following

damage to the nigrostriatal system.

Parkinson’s disease is due to the idiopathic or secondary destruction of the

nigrostriatal dopaminergic system resulting in severe and disabling clinical

symptoms including akinesia, rigidity and tremor and affects over 1% of the

population of adults over the age of 65 (Parkinson, 1817; Olanow and Tatton,

1999).  As average lifespan increases, the number of patients with PD will also

rise.  The socioeconomic and medical burden of this disease, though already

great, will become enormous in the next few decades.  The best predictors of PD

are: a unilateral onset, classical resting tremor and a pronounced response to L-

Dopa therapy (Marsden, 1990). PD symptoms usually appear when approximately

50% of the SNc neurons have degenerated and 80% of the striatal dopamine

levels are depleted (Lehericy et al., 1994).  The underlying neuropathological

changes are dominated by this progressive loss of the SNc dopamine neurons and

the concomitant dopaminergic denervervation in the respective target areas of the

caudate putamen, nucleus accumbens and cortex.  This loss of DA innervations

leads to under activity of the GABAergic projections to the medial globus pallidus

and pars reticulata of the substantia nigra (direct pathway), which normally

controls voluntary movement via disinhibition of thalamic activity.  In addition,

there is an over excitability of the subthalamic nucleus due to increased inhibition
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of the lateral globus pallidus and subsequent inhibition of the GABAergic circuit

controlling the subthalamic nucleus (indirect pathway), which leads to the

involuntary movements such as tremor seen in PD patients (Marsden, 1990).

The loss of dopamine neurons also results in a number of molecular and

cellular changes.  For example D2 receptors located on the striatopallidal and D1

receptors located on the striatonigral target neurons become supersensitive, in

other words hyper-responsive when exposed to DA or DA agonist (Creese et al.,

1977; Dawson et al., 1991; Savasta et al., 1992).  Stimulation with direct

dopamine agonist such as apomorphine results in increased Fos expression,

whereas stimulation with amphetamine results in decreased Fos expression (Cenci

et al., 1992).  Interestingly, it has been shown that the supersensitivity of D1 and

D2 receptors can interact synergistically to evoke a marked expression of both

Fos and c-fos mRNA (Paul et al., 1992).  The expression of neuropeptides and

their encoding genes is markedly altered following dopamine loss, thus leading to

an upregulation of enkephalin (which is colocalized with D2 receptors) and a

downregulation of substance P (which is colocalized with D1 receptors)

(Graybiel, 1990; Gerfen, 1992).  The roles of these cellular alterations in the

behavioral modifications seen in PD are still unknown.

The cause of PD is unknown in over 80% of patients, termed idiopathic

PD (Olanow and Tatton, 1999).  Several clues to the possible interactions that
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lead to idiopathic PD include evidence of oxidative damage, mitochondrial

defects and possible environmental interactions.  A minority of PD patients may

suffer from the disorder due to vascular, infectious, toxic injury or genetic

predisposition.  These cases of PD where the causal factor is known allow for

important clues to the possible mechanisms underlying the idiopathic form of this

disorder.  One example in particular that has lead to great advances in the

understanding and treatment of PD is the unfortunate injection of the meperidine

analog, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), by young drug

addicts in the early 1980’s (Langston et al., 1983).  MPTP crosses the blood brain

barrier and is converted to toxic MPP by MAO B, leading to selective loss of

dopaminergic nigral neurons (Langston et al., 1987).  Use of MPTP and the

chemical toxin 6-hydroxydopamine (6-OHDA) (Ungerstedt, 1968) in rodent and

non-human primate animal models of the disorder have also further increased our

understanding of the functional importance of the central dopamine system and

the cellular and molecular events leading to PD.

Current drug treatment for PD is based on the dopamine replacement

theory, with a main emphasis on oral medications containing L-Dopa (Quinn,

1990).  L-Dopa easily crosses the blood-brain barrier and is metabolized into

dopamine, leading to a dramatic improvement of the devastating clinical

symptoms of PD in most patients. Unfortunately, these positive results of L-Dopa
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are complicated by severe side effects within a few years (7-10) of initiation of

treatment, thus limiting the beneficial value for the PD patient (Marsden, 1990;

Quinn, 1990).  Some of these side effects include end of dose deterioration and

wearing-off phenomena, dyskinesias and severe and unpredictable fluctuations of

the clinical symptoms.  In addition to L-Dopa, other therapeutic regimens have

found some success, including subcutaneous injection of apomorphine (Quinn,

1990), and the use of oral deprenyl, a specific MAO B inhibitor (Tetrud and

Langston, 1989).  The development, characterization and optimization of these

and other alternative strategies, such as DA cell transplantation, have largely been

carried out in animal models of PD.

Several case studies have suggested that the use of physical therapy in PD

is an important adjunct with PD medication (Bilowit, 1956; Knott, 1957; Franklyn

et al., 1981; Szekely et al., 1982; de Goede et al., 2001).  Several interventions

have been investigated, including group and individual treatment focused on

neurological symptoms, function limitations and disabilities.  These sessions

include motor exercises, gait training, training of daily activities, relaxation

therapy and breathing exercises, as well as general education about the benefits of

exercise for the patient.  The consensus from these reports is that these sessions

result in improved motor function and emotional well being (Bilowit, 1956;

Knott, 1957; Franklyn et al., 1981; Szekely et al., 1982).  Though these findings
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suggest a positive effect of physical therapy in PD, the major limiting factor of the

experimental design is that all effective case studies have been performed in a

group setting.  Thus it is difficult to determine what effects are results of the

physical therapy, and what effects are results of increased social interaction and

emotional support.  In addition, most of these studies are begun once the effects of

L-Dopa treatment begin to wane, thus the implications of a regimen of physical

therapy initiated soon after diagnosis is not known.

One of the foundations of the research presented in this dissertation is that

the possible role of physical therapy or forced exercise in PD is greatly

underestimated. Both human and animal research has definitively shown that the

mature brain can respond with profound plasticity following environmental

challenges that alter behavior (Pearce et al., 2000). Due to obvious invasive

limitations, much of this work has been carried out in animals.  Both

neurochemical and structural changes are seen following behavioral

manipulations in intact animals (Greenough et al., 1985). The mechanisms of

action underlying these changes are still unknown.  One area of research that may

yield direction in elucidating these mechanisms is the study of the effects of

exercise on the intact brain.
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THE EFFECTS OF EXERCISE ON THE INTACT BRAIN

Both voluntary and forced exercise can produce significant changes in the

intact adult brain.  Examples of these changes include increased neurogenesis,

increased growth factor expression, and alterations in neurotransmitter systems.

Animals engaged in voluntary exercise show an increase in new neurons,

neuronal survival and recruitment of new neurons.  Thus, exercise alone can

increase the generation of new neurons in the adult mouse brain (Czurko et al.,

1999; van Praag et al., 1999).  Exercise has also been associated with increased

expression of endogenous neurotrophic factors.  Physical activity in adult animals

results in increased expression of insulin-like growth factor (IGF) (Carro et al.,

2001), fibroblast growth factor 2 (FGF-2) (Gomez-Pinilla et al., 1997; Gomez-

Pinilla et al., 1998; Bury et al., 2000), and brain derived neurotrophic factor

(BDNF) (Neeper et al., 1995; Widenfalk et al., 1999). The functions of these

molecules in the adult brain include: facilitation of synaptic plasticity, learning,

growth of neuronal processes, and neurogenesis (Kleim et al., 1996; Kempermann

et al., 1998; Coq and Xerri, 1999; Gould et al., 1999; Klintsova and Greenough,

1999; Aberg et al., 2000; Ivanco and Greenough, 2000).

Finally, exercise also results in changes in neurotransmitter levels.  These

effects are dependent on several factors such as duration of exercise.  For

example, following acute exercise, there are decreased norepinephrine levels,
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while chronic exercise results in increased norepinephrine (Meeusen and De

Meirleir, 1995).  Changes in the dopaminergic system include: increased D2

receptor binding and decreased DOPAC/DA ratios in the striatum of chronically

exercised rats (Gilliam et al., 1984; MacRae et al., 1987a; MacRae et al., 1987b).

Increases in whole brain serotonin (Chaouloff, 1997), extracellular glutamate

levels (Bland et al., 1999), and enhancement of opiod systems (Sforzo et al.,

1986) are found following physical activity.  Finally, locomotion increases release

of acetylcholine (Dudar et al., 1979), and chronic exercise has been found to not

only change neurotransmitter levels, but also augment acetylcholine

neurotransmission by reducing high-affinity choline uptake (Fordyce and Farrar,

1991a, b).  All of the above transmitter systems have been implicated in learning

and synaptic plasticity in the adult brain, and the monoamines may also play a

role in neurogenesis.  Not surprising, these neurochemical alterations are

associated with behavioral modifications such as enhancement of Morris water

maze performance (Fordyce and Farrar, 1991a, b; van Praag et al., 1999), and

decreased emotional reactivity and increased exploratory activity in an open field

in rats (Dey, 1994).  Though, the literature describing the differences in

transmitter systems following acute versus chronic or voluntary versus forced

activity is immense, it is clear that physical activity changes neurochemical events
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in the brain and these changes can lead to structural, synaptic and behavioral

alterations.

USE-DEPENDENT PLASTICITY FOLLOWING INJURY

Effect of Behavioral Manipulations in Models of Cortical Injury

Though the focus of this dissertation is on the reciprocal relationship

between post-injury behavior and nigrostriatal injury, the preface for this work

was based in previous studies performed in animal models of cortical injury.

Thus, a review of these findings is necessary. The cortex, in particular, has been

shown to be structurally and functionally dynamic.  Functional changes such as

dendritic restructuring, synaptic alterations and regulation of neurotransmitter

systems can be modified with injury, electrical stimulation, drug use and

behavioral experience.  Both human and animal studies have shown that post-

injury behavior is a major determinant of behavioral and physiological recovery.

In this section, an overview of forced behavioral alterations in three models of

cortical injury will be discussed; the forelimb sensorimotor cortex electrolytic

lesion (FL-SMC), ischemia and micro-lesion of the cortex.  To produce a FL-

SMC lesion, an electrode is passed through the cortical tissue corresponding to
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the forelimb representation area of the cortex, destroying the tissue.  Ischemia is

experimentally produced through middle cerebral artery occlusion, and micro-

lesions are very small and specific lesions produced in the designated region of

the cortex using an electro-cautery device that produces minimal heat (see for

more detail: Jones and Schallert, 1992; Nudo et al., 1996; Stummer et al., 1995).

All three of these models produce efficient behavioral and neuroanatomical

changes modeling cortical injury.  In addition, all three of these models can be

produced unilaterally, thus creating an animal with one injured side of the body

and one unaffected control side of the body (Figure I1A-B).  The creation of a

unilateral model allows for more controlled behavioral manipulation (Figure I1C-

E), a within animal motor and neuroanatomical control, and the opportunity to

examine post-injury changes in the corresponding non-injured hemisphere

(homotopic cortex).

Behavioral and neuroanatomical compensation following injury is seen in

both animals and patients that spontaneously recovery from cortical injury, in

other words, recover without intervention.  Stroke patients engage in

compensatory strategies with the trunk to accomplish tasks previously

accomplished with the affected limbs (Cirstea and Levin, 2000).  In rats with

unilateral cortical damage postural compensation is also seen (Whishaw, 2000), as
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Figure I.1 Schematic of possible behavioral alterations following injury.  A.
Control animals display symmetrical limb use.  B. Animals give
unilateral lesions to either the cortex or nigrostriatal system
preferentially use the limb corresponding to the non-injured cortex
resulting in limb-use asymmetries.  C.  Casting of the ipsilateral
forelimb (the limb corresponding to the non-injured hemisphere)
results in complete reliance on the impaired forelimb.  D. Casting of
the contralateral forelimb (the limb corresponding to the injured
hemisphere) results in complete reliance on the non-impaired
forelimb and disuse of the impaired forelimb.  E. Depiction of a rat
in a unilateral cast.  In this example, the left forelimb is casted
resulting in a complete reliance on the right forelimb and
corresponding left hemisphere.
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well as behavioral deficits in the use of the contralateral forelimb resulting in

increased reliance on the ipsilateral (non-impaired) forelimb for such tasks as

postural support and various motor behaviors (Jones and Schallert, 1992).  Thus,

both patients and animals with cortical injury develop behavioral adaptations

following injury that allow them to engage in pre-injury behaviors.

Behaviorally, animals begin to show recovery approximately 3 weeks after

injury, reflected in more efficient use of the impaired forelimb.  This behavioral

recovery coincides with neuronal morphological changes such as branching and

subsequent pruning of dendrites in the homotopic (uninjured) cortex (Jones and

Schallert, 1992).  Jones and Schallert (1994) proposed that changes in the

behavioral demand following injury resulted in changes in neural events, in turn

resulting in alterations in functional outcome.  Restricting use of the non-impaired

forelimb for 2 weeks following FL-SMC injury, forcing reliance on the impaired

forelimb, resulted in a lack of sprouting and subsequent pruning of pyramidal

cells in the homotopic cortex.  These findings demonstrate that the compensatory

alterations following injury result in a behaviorally dependent restructuring of the

intact hemisphere (Jones and Schallert, 1994).

Nudo and colleges (Nudo et al., 1996) reported behaviorally dependent

changes in the damaged hemisphere in monkeys with unilateral micro lesions to

the hand representation area.  If allowed to spontaneously recover, these animals
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show a decrease in the representation of the hand (Friel et al., 2000).  In contrast,

if monkeys were placed in a restraint jacket that restricted the use of the

unimpaired limb, thus strongly encouraging the use of the impaired limb in

repetitive training tasks, a sparing of the hand representation was recorded (Nudo

et al., 1996).   Similar to what was seen following behavioral training in monkeys,

motor skills training on a set of complex motor tasks for 28 days following FL-

SMC lesion in rats resulted in significant functional and neurochemical

improvements (Jones et al., 1999b).  Finally, in rats with focal ischemic injury the

combination of task-specific rehabilitation and enriched environment housing

resulted in increased behavioral performance as well as sprouting of layer V

pyramidal cells in the corresponding undamaged cortex (Biernaskie and Corbett,

2001).

In addition to sparing of intact tissue, studies have found that adjacent

cortical tissue can be reorganized following injury in response to behavioral

demand.  Bilateral ablation of the forelimb area of the motor cortex in rats results

in a significant decrease in motor performance.  When spontaneous forelimb

responses following injury are paired with ventral tegmental nucleus stimulation

(creating a reward for the behavior), a significant recovery of motor ability is

seen.  Examination of the motor cortex following this induced recovery revealed a

novel forelimb representation next to the ablated representation.  The size of this
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new representation was correlated to the behavioral performance of the animal

(Castro-Alamancos and Borrel, 1995).  These studies demonstrate a behavioral

dependent adaptive plasticity in the both the injured and uninjured cortex,

reflecting the ability of the adult brain to respond to behavioral demand following

injury with sparing of both behavioral function and neuroanatomical loss.

In contrast to the above positive effects of forced activity of the affected

limb following cortical injury, complete reliance on the affected forelimb for the

first 7 days following unilateral FL-SMC results in an exacerbation of behavioral

and neurochemical loss.  In these studies, animals were forced to completely rely

on the injured forelimb by restricting use of the unimpaired forelimb in a single

sleeve cast (Figure I1E).  Forced reliance for the second week following injury

also resulted in increased behavioral impairment, but no exaggeration of

neuroanatomical loss, suggesting a vulnerable period for maladaptive effects of

reliance following injury (Kozlowski et al., 1996; Humm et al., 1998).  In addition

to demonstrating a vulnerable period following injury, these studies use an

extreme method of motor rehabilitation.  When the less extreme method of

acrobatic training was used, no increase in lesion size was detected and a

significant improvement in motor performance was found (Jones et al., 1999b).

Extreme use of the impaired forelimb following injury led to maladaptive
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plasticity, increased behavioral and neuroanatomical loss, where as less intense

motor use led to a more adaptive neuronal and behavioral plasticity.

Like increased behavioral demand, decreased demand or disuse can result

in altered cortical representation. Disuse following cortical injury results in

further behavioral loss.  In rats with unilateral FL-SMC injury, forced disuse for

15 days following injury did not result in changes in neuronal loss, but did result

in delayed behavioral recovery (Kozlowski et al., 1996). In addition, forced disuse

of the impaired forelimb in a unilateral ischemic stroke model leads to

exacerbation of behavioral deficits (Bland et al., 2001).  These findings

demonstrate that resting or disuse of the impaired limb following cortical injury is

not only an ineffective method of rehabilitation, but may impede spontaneous

behavioral recovery.

The overall consensus is that moderate forced use of the impaired forelimb

in animal models of cortical injury results in adaptive behavioral and

neuroanatomical plasticity and disuse of the injured forelimb results in increased

behavioral loss.  One area that has received little attention thus far is the effect of

pre-injury use on post-injury outcome.  Several studies have looked at the

beneficial effects of enriched housing, but the specific effects of increased

physical activity versus social interaction are difficult to discriminate (Held et al.,

1985; Gentile et al., 1987).  One group of researchers has examined the effect of
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voluntary running prior to ischemic injury.  Animals exposed to voluntary wheel

running were protected against ischemia-induced mortality and had attenuation of

neuronal loss demonstrating possible protective effects of pre-injury use on

ischemic damage (Stummer et al., 1994; Stummer et al., 1995).

Taub and colleagues have pioneered the incorporation of motor

rehabilitation in stroke patients (Taub et al., 1999).  They have postulated that

post-injury disuse of the more impaired extremity following stroke or other brain

trauma is due to a phenomenon called “learned nonuse”, involving the active

suppression of use.  This suppression is a result of previous failed attempts to use

the impaired limb early after injury, thus discouraging further attempts to use it.

Consistent with this hypothesis, primate and human studies have shown that

restricted use of the non-impaired upper extremity (thus forcing increased use of

the impaired limb), even years after brain injury, can increase the ability of an

individual to effectively use the impaired limb (Ogden and Franz, 1917;

Ostendorf and Wolf, 1981; Wolf et al., 1989).  Neuroanatomically, a short period

of rehabilitation (8-10 weeks) in stroke patients has been found to increase the

motor map in the injured hemisphere relative to the pre-injury recording (Traversa

et al., 1997).  Liepert and colleagues (2000) used constraint-induced (CI) therapy

for 2 weeks to achieve positive results in human stroke patients such as improving

motor ability of the impaired limb.  This manipulation also lead to an enlargement
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of the cortical representation of that limb, which had previously shrunk due to its

non-use following the stroke, further supporting the idea that behavioral changes

can alter neuroanatomical events (Liepert et al., 2000).  Thus, as was seen in

animal studies, incorporation of forced use in stroke patients has been found to

result in behavioral dependent functional improvements (see Table I.1 for

summary).

Effect of Behavioral Manipulations in Models of Nigrostriatal Injury

Parkinson’s disease is characterized by progressive motor impairment due

primarily to degeneration of nigrostriatal dopamine (DA) neurons (see above

section for more complete description) (see review by (Olanow and Tatton,

1999)). In patients with Parkinson’s disease (PD), movement is difficult and

inactivity becomes more prominent (Fertl et al., 1993; Comella et al., 1994; Toth

et al., 1997; Mazzoni and Ford, 1999).  At present, the study of the effects of

behavioral manipulations following nigrostriatal injury has been performed using

the unilateral 6-hydroxydopamine (6-OHDA) rat model of PD.  Many of the

behavioral and neurochemical alterations can be modeled in rats infused

unilaterally with the dopaminergic neurotoxin 6-OHDA.  In this model, animals

have unilateral loss of dopamine neurons in the nigrostriatal system, creating a
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Table I.1.  Behavioral events that can affect behavioral and neurochemical
outcome in animal models of cortical injury.

Cortical Injury

   Behavioral Neuroanatomical

Spontaneous Recovery Behavioral Deficits Cortical Tissue Loss
Compensatory Strategies in Injured Hemisphere

Behavioral Dependent
Sprouting in Non-Injured
Hemisphere

Experimentally Induced Behavioral Changes

Forced Use Behavioral Deficits Neuronal Loss in Injured
                  Cortex

Forced Reliance Behavioral Deficits Neuronal Loss in Injured
            Cortex

Forced Disuse Behavioral Deficits No Increase in Neuronal 
Loss

Pre-Injury Use Unknown Mortality and Neuronal
                                                                                   Loss
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neurochemical and behavioral asymmetry.  The behavioral deficits include an

overall decrease in the use of the impaired forelimb, as well as incorporation of

compensatory strategies.  Like the unilateral cortical injury models described

above, the unilateral nature of the 6-OHDA rat model allows for manipulations

such as forced-use of the impaired forelimb through single-sleeve casts and a

within animal control.

In PD patients, compensating neurobiological changes and learned

behavioral strategies may delay the appearance of symptoms until the loss of

terminals in the striatum becomes extensive enough to overcome the capacity of

the system (Zigmond et al., 1984; Zigmond and Stricker, 1989; Lees, 1992;

Zigmond, 1997; Swinnen et al., 2000).  For example, early in the disease patients

may learn to adapt to their motor deficits by employing alternate behavioral

strategies that lead to even greater dependence on less compromised motor

systems (Lees, 1992).  Modeling the behavioral compensation seen in PD

patients, 6-OHDA animals with complete unilateral destruction of the nigrostriatal

system (>95%) display no behavioral recovery.  On the other hand, less severe

damage to the systems (<80%) allows for sparing of function associated with

more salient behavioral deficits due to compensatory neuroadaptations in the DA

system such as increased synthesis, metabolism and fractional release of DA in

the remaining terminals resulting in relatively normal basal extracellular
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concentrations of DA in the striatum.  This normalization of extracellular DA

concentrations proceeds gradually over three to four weeks mirroring behavioral

improvement (Zigmond et al., 1984; Zigmond and Stricker, 1989; Robinson et al.,

1994).

We recently explored the hypothesis that intensive motor therapy through

complete reliance on the impaired forelimb would result in improved behavioral

symmetry and an attenuation of striatal DA loss (Figure I.2).  6-OHDA-treated

rats that were not forced to rely on the impaired forelimb showed an extreme

motor asymmetry, reflective of a severe loss of striatal DA content. In marked

contrast, the lesioned rats that were forced to rely on the affected forelimb for the

first seven days following injury showed no such asymmetry and, indeed, were

not different from intact animals in performance on a battery of behavior tasks

(Figure I.2A).  These behavioral effects were accompanied by an apparent

reduction in the neurochemical effects of 6-OHDA as measured by lesion-induced

changes in striatal DA, its metabolites and in the dopamine terminal marker,

VMAT2 (Figure I.2B).  However, if intervention was delayed until days the

second week after the lesion, no sparing of behavioral or neurochemical measures

was seen. Thus, forced use of the impaired forelimb during the first seven days

after 6-OHDA exposure, but not delayed forced use, prevented limb use
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asymmetry, again suggesting an early post-lesion vulnerable period in this lesion

model as well (Tillerson et al., 2001).

The mechanisms underlying this recovery are unknown.  Possibilities include

sprouting of remaining neuron terminals in the striatum, changes in

neurotransmission, and/or alterations in growth factor expression.  Recently, the

number of TH reactive cells in the substantia nigra was examined in these

animals, and no difference was found between lesion only animals and lesioned

animals forced to rely on the impaired forelimb for the first seven days post-

injury, while the behavioral results of the original experiment were replicated

(Stewart et al., 2001).  This finding not only ruled out a possible sparing of cell

loss in forced use animals, but more importantly showed that the behavioral and

striatal recovery seen in animals forced to rely on the impaired forelimb was

accomplished with less than 50% SNc cells remaining.  This finding makes the

above results even more applicable to PD patients in the early stages of the

disease, reflecting the impressive ability of the damaged nigrostriatal system to

functionally respond to behavioral demand.

As seen in ischemic rodents, pre-injury forced use results in

neurochemical and behavioral sparing in 6-OHDA rats.  Briefly, exclusive use of

the forelimb that will correspond to the injury by immobilizing the non-impaired
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Figure I.2: Forced Reliance on the Impaired Forelimb in Severely Lesioned Rats
Resulted in Decreased Behavioral and Neurochemical Loss.  A.
Animals given a unilateral 10µg infusion of  6-OHDA displayed
significant limb-use asymmetry.  In contrast, when animals were
forced to rely on the impaired forelimb for the first 7 days post-
injury, they displayed symmetrical limb use. B. Unilateral infusion
of 10 µg 6-OHDA resulted in a significant loss of striatal dopamine
content (expressed as percent loss from control hemisphere),
whereas forced reliance on the impaired forelimb for the first 7 days
post-injury resulted in an attenuation of striatal dopamine loss (* p <
.05 compared to sham control values).
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forelimb during the seven days prior to unilateral 6-OHDA lesions results in long-

term protection of striatal DA tissue content and limb use. This data suggests that

forced limb use prior to nigrostriatal insult results in neuroprotection, and

preliminary findings suggest this effect may be associated with experience

mediated upregulation of trophic factors (Cohen et al., 2001).

Antidotal studies and clinical observations strongly suggest that

incorporation of exercise into a regimen for Parkinson’s patients would be

beneficial.  Physical therapy implemented after the diagnosis of Parkinson’s

increases motor ability (Bilowit, 1956; Knott, 1957; Franklyn et al., 1981;

Szekely et al., 1982; Palmer et al., 1986; Hirsch, 2000; Toole et al., 2000).  In

addition, a case control study of the occurrence of Parkinson’s disease and

physical exercise has shown a protective effect of exercise on the risk of

Parkinson's disease (Sasco et al., 1992; Brasted et al., 1999).  Finally,

incorporation of behavioral training leads to enhanced survival and function of

striatal fetal tissue implants (Brasted et al., 1999).  Unfortunately, most case

studies exploring the effects of forced physical therapy in PD have not been

initiated until L-DOPA treatment became less effective and the patient’s function

significantly declined.  Thus, the implications of a regimen of forced-exercise

initiated soon after diagnosis is not known (de Goede et al., 2001) (see Table I2

for summary).
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Table I.2:  Behavioral events that can affect behavioral and neurochemical
outcome in the unilateral 6-OHDA rat model of PD.

Nigrostriatal Injury

Behavioral Neurochemical

Spontaneous Recovery Behavioral Deficits  Striatal DA Loss
Compensatory Strategies

Experimentally Induced Behavioral Changes

Forced Use ? ?

Forced Reliance Behavioral Deficits Striatal DA Loss

Forced Disuse ? ?

Pre-Injury Use  Behavioral Deficits Striatal DA Loss
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Goals of This Dissertation

As described above, the effects of increased use of the impaired limb in

unilateral 6-OHDA rats, strongly suggests that increased physical activity can

affect the outcome of nigrostriatal injury.  The studies of behavior-induced

plasticity following cortical injury have outlined several key areas of interest in

the further pursuit of an understanding of the role behavioral alterations may play

following nigrostriatal injury.  Two of these key areas that I have tried to address

in this dissertation are the use of different animal models of the disorder and the

use of clinically applicable regimens of forced activity.  In addition, it is

important to note that this dissertation has tried to focus on the reciprocal

interactions of altered dopamine transmission and behavioral activity.  Thus, the

goals of the proposed studies are: 1.  Characterize behavioral alterations following

loss of dopamine function in bilateral rodent models of altered dopamine

transmission, 2.  Further characterized the neurochemical and behavioral changes

caused by increased physical movement following compromise to the nigrostriatal

dopaminergic system, and 3. Examine the effects of decreased physical activity

during the period of nigrostriatal degeneration.
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Hypothesis One:  Bilateral injury to the nigrostriatal dopamine system results in

motor changes in mice.

The MPTP mouse model of PD has been limited in its ability to

demonstrate persistent motor deficits.  To obtain consistent behavioral deficits on

standard mouse motor tests such as the rotorod, hangtest and general activity

monitoring, very large doses of MPTP (for example, 30 mg/kg twice a day for 5

consecutive days) must be used and behavioral alterations are often still transient

(Ogawa et al., 1985; Willis et al., 1988; Heikkila et al., 1989; Colotla et al., 1990;

Sundstrom et al., 1990; Heikkila and Sonsalla, 1992; Fredriksson and Archer,

1994; Fredriksson et al., 1997; Rozas et al., 1998; Spooren et al., 1998; Sedelis et

al., 2001). Use of bilateral MPTP mice in this dissertation first necessitated the

detection of behavioral impairments at clinically applicable dopamine depletion

levels, and then development of behavioral measures sensitive to striatal DA

depletions.

Hypothesis Two:  Altered dopamine transmission in mice results in olfactory

deficits similar to those characterized in human disorders involving disregulation

of dopamine systems.

Many disorders with altered dopamine transmission, such as PD and

schizophrenia, show olfactory dysfunction early in the disease process (Baik et
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al., 1995).  The role of altered dopamine transmission in the occurrence of this

dysfunction has remained illusive.  Indeed, it is difficult to conceptualize a shared

mechanism of action for the altered olfactory processing in PD, characterized by

decreased DA transmission, and schizophrenia, characterized by increased DA

transmission.  Several researchers have proposed the use of olfactory processing

as an early detector of these disorders, but with little understanding of the cause of

this dysfunction, the acceptance of olfactory dysfunction as a useful clinical tool

has been limited.

We have observed several social anomalies in DAT KO mice, such as

increased social interaction and aggression. In addition, DAT KO mice have

several well-defined behavioral abnormalities.  These include hyperactivity,

irritability, decreased habituation to a novel testing environment, and deficits in

learning and maternal behavior (Giros et al., 1996; Gainetdinov et al., 1999a;

Gainetdinov et al., 1999b; Spielewoy et al., 2000).  The behavioral differences of

these animals are very similar to the behavioral phenomena in rodents with

bilateral removal of the olfactory bulb, which suggested that the olfactory

function of DAT KO mice might be compromised.  These mice presented an

excellent opportunity to further investigate the role of deregulated dopamine in

olfactory dysfunction.
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Hypothesis Three: Incorporation of moderate treadmill running soon after

nigrostriatal insult in both 6-OHDA rats and MPTP retired-breeder mice will

result in improved behavioral performance and increased striatal DA system

integrity.

Functional and neuroanatomical outcome following forced activity in

cortical injury models reflect diversity in both model and method.  In other words,

outcome was differentially dependent on animal model, as well as the degree and

selectivity of forced activity following injury.  These findings demonstrate the

need to expand our previous finding of the beneficial effects of forced-reliance in

unilateral 6-OHDA rats into another model of PD, as well as incorporate a more

clinically applicable means of forced-use. Our previous findings (Tillerson et al.,

2001), though compelling, did not demonstrate an exercise modality that could be

employed in bilateral models of PD or by PD patients.  Therefore we next

investigated the effects of moderate treadmill running in both unilateral 6-OHDA

rats as well as bilateral MPTP retired breeder mice.

Hypothesis Four: Decreased physical activity during both 6-OHDA and MPTP-

induced degeneration of striatal DA neurons may not only be a symptom of the

degeneration, but may also contribute to behavioral and neurochemical loss.
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In patients with Parkinson’s disease movement is difficult and inactivity

becomes more prominent as the DA neurons degenerate (Fertl et al., 1993;

Comella et al., 1994; Toth et al., 1997; Mazzoni and Ford, 1999). The

combination of physical activity leading to improvement in function and the

observations of decreased physical activity early in PD suggests that self-induced

disuse of the more affected motor areas, as is common in parkinsonian patients,

may increase dopaminergic damage. For this final hypothesis, the effect of

restraint of the affected forelimb in rats with a mild, a sub-clinical unilateral

lesion to the nigrostriatal system was examined.  In addition, the effects of forced

disuse of the impaired forelimb in animals with an injury previously assumed to

have recovered was explored.  In the second project under this hypothesis, the

effects of altered use of the forelimbs, by restricting use of one forelimb with a

unilateral cast, during the period of degeneration in retired breeder C57BL/6j

male mice given a systemic injection of MPTP was examined.
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Detection of behavioral impairments correlated to neurochemical
deficits in mice treated with moderate doses of MPTP1

ABSTRACT

Overt behavioral symptoms of Parkinson’s disease (PD) do not occur until over

80% of striatal dopamine content has been lost.  Diagnosis of the disorder relies

on identifying clinical symptoms including akinesia, resting tremor and rigidity.

In retrospect, behavioral deficits are observed several years prior to diagnosis.

Behavioral manifestations in the MPTP mouse model of PD, such as changes in

general locomotor activity and rotorod performance require large doses of MPTP

and are often transient.  We hypothesized that, like in PD, subtle behavioral

changes also occur in the MPTP model.  In this paper, we demonstrate that mice

treated with moderate doses of the dopaminergic toxin MPTP display deficits in

behavioral parameters that are highly correlated with the loss of striatal dopamine.

In addition, these behavioral measures are highly correlated to dopamine

transporter, vesicular monoamine transporter, and tyrosine hydroxylase

expression, and are reversed following L-DOPA administration.  Our ability to

detect dopamine-modulated behavioral changes in moderately depleted MPTP

mice supports the use of behavioral measures of compensatory activities for

earlier diagnosis of PD patients.

                                                  
1 Jennifer L. Tillerson, W. Michael Caudle, Maria E. Reveron & Gary W. Miller, submitted.
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INTRODUCTION

Animal models of neurodegenerative disease are invaluable tools in the

identification of pathogenic mechanisms and new treatments.   For example, both

the reserpinized rat model and the unilateral 6-hydroxydopamine rat model of

Parkinson’s disease (PD) have been vital for advances in the pharmacotherapy as

well as in testing new interventions such as growth factor therapy (Cotzias et al.,

1967; Zigmond and Stricker, 1989; Olsson et al., 1995).  One of the most useful

characteristics of these two rat models is their ability to reflect behavioral

manifestations of the disorder (Schallert et al., 1978; Olsson et al., 1995; Schallert

and Tillerson, 2000; Ballermann et al., 2001).

In the mouse model of PD the neurotoxin 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) is systemically administered.  The mouse MPTP

model differs from idiopathic PD in several characteristics.  MPTP-treated mice

do not display inclusion proteins in the cell bodies, and neuronal death occurs

over the course of a few weeks versus decades in PD patients.  In addition, the

MPTP mouse model of PD has been limited in its ability to demonstrate persistent

motor deficits.  To obtain consistent behavioral deficits on standard mouse motor

tests such as the rotorod, hangtest and general activity monitoring, very large

doses of MPTP (for example, 30 mg/kg twice a day for 5 consecutive days) must

be used and behavioral alterations are often still transient (Ogawa et al., 1985;
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Willis et al., 1988; Heikkila et al., 1989; Colotla et al., 1990; Sundstrom et al.,

1990; Heikkila and Sonsalla, 1992; Fredriksson and Archer, 1994; Fredriksson et

al., 1997; Rozas et al., 1998; Spooren et al., 1998; Sedelis et al., 2001).

Unfortunately, without identifiable behavioral correlates to striatal dopamine

integrity, this model fails to replicate a vital characteristic of the disorder.  In this

paper, we demonstrate that the MPTP mouse model does indeed demonstrate

motor abnormalities, and that these motor deficits are persistent over time, can be

measured following moderate doses of MPTP, and reversed through L-DOPA

treatment.  Finally, these behavioral deficits are highly correlated to striatal

dopamine content, dopamine transporter expression, vesicular monoamine

transporter and tyrosine hydroxylase expression.



37

METHODS

Subjects

Eighteen retired-breeder C57BL/6j male mice, and 48 young C57BL/6j

male mice (Jackson Laboratory, Bar Harbor, Maine), singly housed, were used for

these experiments.  Animals were handled daily for 2 weeks prior to injection, in

order to make them amenable to behavioral testing. All mice were maintained on

a standard 12:12 light/dark cycle, and given ad libitum access to lab chow and

water.

Injections

Mice were injected (s.q.) twice with 7.5 mg/kg (2 X 7.5), 15 mg/kg (2 X

15) 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (M0896, Sigma,

St. Louis, MO) or saline with an inter-injection interval of 12 hours (first

injection, 6 p.m.; second injection, 6 a.m.).  Retired breeder mice were also given

a 15 mg/kg dose of L-DOPA (D1507, Sigma) on day 28 post-injection (20

minutes before L-DOPA administration, animals were given 12.5 mg/kg

benserazide (B7283, Sigma) a peripheral dopa decarboxylase inhibitor) and

subjected to behavioral tests 20 minutes post-L-DOPA injection.
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High Performance Liquid Chromatography

Animals were anesthetized with carbon dioxide and decapitated.  A 1-mm

section of the striatum (+1mm to bregma) was dissected for both the left and right

hemispheres.  The left hemisphere was used in HPLC analysis, while the right

hemisphere was used for western blot analysis. Dissected left striata were

sonicated in 0.1 M perchloric acid containing 347 µM sodium bisulphite and 134

µM EDTA disodium salt. Homogenates were centrifuged at 16,000 x g for 20

minutes at 4° C and the supernatant removed. The supernatants were centrifuged

at 16,000 x g and the supernatants analyzed for levels of DA, 3,4-

dihydroxiphenylacetic acid (DOPAC), and homovanillic acid (HVA) by HPLC

(Column, HR-80, 4.6 mm x 8 cm, 4-channel coulometric electrode array (Model

5600, ESA Inc, Chelmsford, MA) with sensitivity to femtomole levels).  The

mobile phase consisted of 16 mM citric acid monohydrate, 32 mM ammonium

acetate, 215 µM EDTA disodium salt, 850 µM 1-octanesulfonic acid sodium salt

monohydrate (final pH 2.5) and 5% methanol (delivered at a constant flow rate of

1 ml/min).  Quantification was made by reference to calibration curves made with

monoamine standards (dopamine hydrochloride (H8502, Sigma), DOPAC

(D9128, Sigma) and HVA (H1252, Sigma)).
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Western Blot Analysis

Right striata samples were homogenized in buffer (320 mM sucrose and

5mM HEPES containing protease inhibitor cocktail). Homogenized samples were

centrifuged at 2,000 x g for 5 min, and supernatant centrifuged at 30,000 x g for

30 min. The final pellet was resuspended in homogenization buffer and subjected

to polyacrylamide gel electrophoresis (NuPage, 10% InVitrogen). Samples were

electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane,

and non-specific sites blocked in 7.5% nonfat dry milk in Tris-buffered saline

(135 mM NaCl, 2.5 mM KCl, 50 mM Tris, and 0.1% Tween-20, pH 7.4).

Membranes were then incubated in a polyclonal antibody to the C-terminus of

VMAT2 (pAB VMAT2-Ct; AB1767, Chemicon, Temecula, CA) in Tris-buffered

saline with 2% nonfat dry milk. VMAT2 antibody binding was detected using a

goat anti-rabbit horseradish peroxidase secondary antibody (170-6515, Bio-Rad,

Hercules, CA) and enhanced chemiluminescence (CG50450, Pierce, Rockford,

IL). The chemiluminescent signal was captured on an Alpha Innotech

ChemiImager (San Leandro, CA) and stored as a digital image. Densitometric

analysis was performed and calibrated to co-blotted dilutional standards of control

striata and exposures performed within the linear range.  Control striata for the

standards were pooled from all saline treated animals. Membranes were then

stripped for 20 min at 80°C (8 M urea, 100 mM 2-mercaptoethanol, and 62.5 mM
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Tris, pH 6.8) and re-probed with a monoclonal antibody to the N-terminus of

DAT (rat anti-dopamine transporter antibody ((Miller et al., 1997) (MAB369,

Chemicon) (goat anti-rat secondary (56400, ICN, Costa Mesa, CA)), a polyclonal

TH antibody (rabbit anti-tyrosine hydroxylase (AB152, Chemicon)), and alpha-

tubulin ((T9026, Sigma) goat anti-mouse secondary (170-6516, Bio-Rad).

Behavioral Tests

Animals were administered the following battery of behavioral tests prior

to injection, 48 hours post-final injection, and on days 7, 14, 21 and 28 post-

injection (unless otherwise noted).

Activity Monitoring

General locomotion was tested in the Digiscan open field VersaMax

Analyser (VMA-8, Accuscan Instruments, Columbus, OH). The animal was

placed in a photocell-equipped automated open field box for 45 minutes.  The first

15 minutes were allotted for habituation to the novel environment, and the final

30 minutes used for calculating: horizontal activity, vertical activity, and center

and margin perimeter time using VersaDAT software.
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Rotorod

Motor coordination was measured using an automated rotorod (Economex

Rotorod, Columbus Instruments, Columbus, OH).  Animals were exposed to a

rotating rod started at 2 revolutions per minute (rpm) and accelerated linearly to

12.5 rpm within 10 sec.  The latency to fall from the rod was measured using

automated stopwatches connected to the detectors.  All animals were exposed to

the rod on the pre-test day until the maximum criteria of 60 sec. was reached for

two consecutive trials.  No mouse required more than three trials to achieve a

baseline of 100%.  On post-injection testing days, mice were required to stay on

the rod for 60 sec.  If this criterion was not reached, the trials were repeated for a

maximum of 3 trials at 1 min intervals, and the best fall latency value was

recorded.  The percent successful was recorded as maximum time on the rod / 60

sec. X 100.

Hang test

Neuromuscular strength was tested in the grid hang test.  Mice were lifted

by their tail and slowly placed on a horizontal grid (grid 12cm2: openings .5cm2)

and supported until they grabbed the grid with both their fore- and hind-paws.

The grid was then inverted so that the mice were hanging upside down.  The grid

was mounted 20 cm above a hard surface, thus discouraging falling, but not

leading to injury in case of falling. The apparatus was equipped with a 3-inch
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wall, to prevent animals from transversing to the upper-side of the grid.  Animals

were required to stay on the grid for 30 sec.  All animals met this criterion on the

pre-test day.  If this criterion was not reached on post-injection days, the trials

were repeated for a maximum of 3 trials at 1 min intervals, and the best fall

latency value was recorded. The percent successful was recorded as maximum

time hanging / 30 sec. X 100.

Forepaw Stride Length During Walking

Animals had their forepaws placed in black ink and length of forepaw

steps during normal walking (in a straight line only) was measured.  Animals

were pre-trained to walk across a clean sheet of paper into their home cage

without stopping prior to injections. The animals were immediately put back into

their home cage upon completion of the task.  Stride lengths were determined by

measuring the distance between each step on the same side of the body,

measuring from the middle toe of the first step to the heel of the second step.  An

average of at least four clear steps was calculated. Stride length in mice has been

performed successfully by a variety of other researchers using altered methods

such as hind foot measures, digital recordings and tunnel apparatuses (Barlow et

al., 1996; Klapdor et al., 1997; Crawley, 1999; Clarke and Still, 2001; Patel and

Hillard, 2001).
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Grid Test

The following behavioral measures are based on the concept that injured

animals will compensate during motor performance.  Using the same grid

apparatus described in the hangtest, animals were video taped while hanging

upside down for 30 sec., and videos replayed for analysis using a recorder with

slow motion and frame-by-frame option.

Average Forepaw Step Distance:  The length of each successful forepaw step was

measured as the number of grid squares/openings transversed.  The average

forepaw distance was calculated by summing the distances for each successful

step then dividing by the number of successful steps.

Forepaw Faults:  The number of unsuccessful forepaw steps divided by the total

number of attempted forepaw steps was recorded.  An unsuccessful step was

defined as an attempt to step or place the forepaw during a weight shifting (place

shifting) movement in which the paw clearly slipped from its destined position

and had to be replaced on the grid by the animal so as to regain weight-baring

control.

Wall Time:  The time spent in physical contact with the surrounding wall divided

by the total time on the grid X 100.
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Statistics

Neurochemical measures were analyzed by applying a one-way ANOVA

for each group.   When significance between treatment groups was achieved in

neurochemical measures, Dunnett’s post-hoc comparisons were performed.

Behavioral observations were first subjected to traditional overall, repeated

measures ANOVAs.  When a significant interaction was detected, Dunnett’s post-

hoc analysis compared each lesion group to each respective control group and

one-way ANOVAs at each testing day were performed.  When only a group effect

was detected, Dunnett’s post-hoc comparisons were performed.  All post-hoc

measures were Bonferroni corrected to keep the overall error rate per group at

0.05.

Experimental Design

Animals in both experiments were subjected to the outlined schedule of

MPTP injections presented above, and behavioral analysis was performed up to

the day of sacrifice.  In experiment 1, 18 retired breeder male mice were used to

model the neurochemical loss seen in early stages of diagnosed PD.  Retired

breeder C57BL/6j male mice present sustained terminal and cell loss following

MPTP injection (Ali et al., 1993; Desai et al., 1996).  All animals in experiment 1

were sacrificed at day 30 post-injection.
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Young C57BL/6j mice exposed to moderate doses of MPTP show only

transient striatal loss of DA content and no SN cell loss (Mitsumoto et al., 1998;

Fornai et al., 2000).  For this reason, the second experiment used 3 month-old

C57BL/6j mice (n = 18) were used to evaluate our ability to measure recovery of

striatal DA.  These animals were sacrificed on day 30 post-injection.  In addition,

30, 3 month-old C57BL/6j mice were sacrificed either 48 hours post-second

injection or on day 7 post-injection to verify transient DA loss.
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RESULTS

Effects of Moderate MPTP Administration on Retired Breeder Male Mice.

Striatal Dopamine, DOPAC and HVA

To measure the extent of neurochemical damage, total striatal DA content

was measured.  A significant decline in striatal dopamine (expressed as percent

dopamine remaining compared to saline controls) was seen among treatment

groups (F (2,15) = 46.945, p < .0001) (Figure 1.1A).  Post-hoc analysis comparing

each treatment group to the control group revealed a significant difference for 2 X

7.5 animals vs. saline controls (p < .001), 2 X 15 animals vs. saline controls (p <

.0001) and between 2 X 7.5 and 2 X 15 treatment groups (p < .001) in the

measure of percent dopamine remaining in the striatum.  No significant

differences were seen in DOPAC (F (2,15) = 3.032) or HVA (F (2,15) = 3.038)

levels (data not shown).

Striatal Expression of DAT, VMAT2 and TH

To assess DA terminal integrity, immunoreactivity of DA terminal

markers, DAT, VMAT2 and TH were measured.  Significant losses in DAT (F

(2,15) = 12.020, P < .001) were found among treatment groups (Figure 1.1 A &

B).  Post-hoc analysis revealed a significant decline in % DAT remaining between
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saline controls vs. 2 X 15 animals (p< .01) as well as a difference in DAT loss

between the two treatment groups (2 X 7.5 vs. 2 X 15 (p < .05).  A significant

overall group effect was seen in VMAT2 levels (F (2,15) = 18.729, p < .0001)

(Figure 1.1).  Post-hoc analysis revealed a significant loss for both 2 X 7.5 (F (p <

.05) and 2 X 15 (p < .0001) treatment groups compared to saline.  As was seen in

DAT measures, a significant difference between the two MPTP groups was also

detected in VMAT2 levels (p < .02).  Finally, a significant decline in TH

immunoreactivity expressed as % TH remaining was found between treatment

groups (F (2,15) = 35.026, p < .0001) (Figure 1.1).  Both 2 X 7.5 animals (p <

.001) and 2 X 15 animals (p < .001) were different from saline controls (see Table

1.1 for correlations of DA terminal markers to total striatal DA content).
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Figure 1.1.  Loss of dopaminergic markers in retired breeder mice treated with
MPTP.  A.  Percent remaining (sample/mean control) on day 30
post-injection of DA, DAT, VMAT2 and TH for retired breeder
mice given saline, 2 X 7.5 MPTP or 2 X 15 MPTP.  Significant DA
loss was seen in animals given both MPTP doses, as well as
increased DA loss in 2 X 15 animals compared to 2 X 7.5.  Similar
declines were found DAT, VMAT2 and TH immunoreactivity for
animals given 2 X 15.  Significant declines compared to saline
controls in VMAT2 and TH reactivity were found for 2 X 7.5
animals (* p < .05 compared to saline controls; + p < .05 compared
to 2 X 7.5 animals) (n = 6 per group).  B.  Representative blots for
striatal DAT, VMAT2 and TH levels in retired breeder mice.
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Behavioral Deficits

To asses the behavioral effects of MPTP, we performed several tests,

including the well-established activity monitor, rotorod, hangtest, and stride

length, as well as some novel activity measures displayed by the animals during

the hangtest.

Activity Monitoring

No significant group or group by day interactions were found in general

activity as measured by horizontal movement (group X day: F (10, 75) = .511;

day: F (5, 75) = 1.944; group F (2, 15) = .770) vertical movements (group X day:

F (10, 75) = .918; day (5,75) = 3.595, p < .01; group: F (2, 15) = .435), nor

marginal time (group X day: F (10,75) = .364; day F (5,75) = 2.432, p < .05;

group F (2, 15) = .407) between saline treated mice and mice treated with either

dose of MPTP.  As noted above, significant day interactions were found in both

the vertical movement and marginal time ratings, these changes reflect an overall

decrease in vertical movement and an increase in marginal time during the first

week following injection across testing groups.  Thus, as expected from previous

experiments no significant MPTP treatment effect was seen in these measures.
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Rotorod & Hangtest

As expected, no significant treatment effect was seen in measures of motor

coordination in the rotorod test (group X day: F (10,75) = 1.158; day: F (5,75) =

1.303; group: F (2, 15) = 3.057), nor significant treatment effect found in the

hangtest measure of strength (group X day: F (10, 75) = .841; day: F (5, 75) =

1.572; group: F (2,15) = .403).

Forepaw Stride Length During Walking

Significant day (F (5,75) = 10.535, p < .001), group X day (F (10,75) =

3.00, p < .01) and treatment group (F (2,15) = 7.488, p < .01) effects were found

in forelimb stride length (Figure 1.2A).   A Dunnett’s, 2 sided, post-hoc

comparison revealed a significant group effect between saline and animals treated

with 2 X 15 MPTP (p < .01).  Animals treated with 2 X 7.5 also showed

decreased stride length following injection, but this difference did not reach

statistical significance (p = .051).  Differences between saline controls and 2 X 15

animals at individual testing days displayed significant declines in stride length 48

hours post-inject  (p < .01), 7 days post-injection (p < .05), 14 days post-injection

(p < .01), 21 days post-injection (p < .01), and 28 days post-injection (p < .01).
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Forepaw Step Distance on the Grid

A significant day (F (5,75) = 20.051, p < .001), group X day (F (10,75) =

6.410, p < .001) and group effect (F (2,15) = 66.060, p < .001) were found in the

forepaw step distance on the grid (Figure 1.2B).  Dunnett’s post-hoc comparison

revealed a significant difference between control treated animals and animals that

received 2 X 7.5 MPTP (p < .001) or 2 X 15 MPTP (p < .001).  L-DOPA

treatment on D28 resulted in a significant increase in step distance for both 2 X

7.5 animals (F (1,10) = 34.916, p < .001) and 2 X 15 animals (F (1,10) = 7.121, p

< .05) (Figure 1.3A).

Forepaw Faults on the Grid

A significant day effect (F (2,75) = 5.412, p < .001) and group effect (F

(2,15) = 13.371, p < .001) were seen in the percent of forepaw faults (Figure

1.2C).  Dunnett’s post-hoc comparison revealed significant increases in faults in 2

X 7.5 animals compared to saline controls (p < .001) and in 2 X 15 animals

compared to saline treated animals (p < .01).

Wall Time on the Grid

Significant day (F (5,75) = 3.168, p < .02), group X day (F (10,75) =

3.001, p < .01) and significant group (F (2,15) = 26.004, p < .001) effects were

found in percent time in contact with the supporting wall on the grid (Figure
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1.2D).  Dunnett’s post-hoc comparison between treatment and control groups

displayed significant increases in wall time following injection in both 2 X 7.5

animals (p < .01) and 2 X 15 animals (p < .001).  In addition, group mean

comparison at each treatment day showed a significant increase for 2 X 15

animals 48 hours post-injection and on days 7, 14, 21 and 28 post-injection (p <

.01).  Animals that received 2 X 7.5 MPTP showed significant increases in wall

time compared to saline controls on days 7 and 14 post-injection (p < .02).

Following L-DOPA administration on D28, animals treated with 2 X15 MPTP

spent significantly less time against the supporting wall (F (1,10) = 6.120, p < .05)

(Figure 1.3B).  Thus as previously noted, all animals were able to complete the

hangtest successfully, but measurable differences in behavior while performing

the tasks (ex. forepaw faults) and different performance strategies (ex. wall time)

were detected between groups.
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Figure 1.2.  Behavioral analysis of MPTP-treated retired breeder C57BL/6j male
mice.  A.  Stride length during normal walking in centimeters was
significantly declined in retired breeder males given 2 X 15 MPTP
compared to saline controls.  B.  Forepaw step distance, measured by
the average number of squares crossed per step, was significantly
declined in both retired breeder MPTP treatment groups.  C.  The
percent forepaw faults (faults/successful steps) was significantly
increased following injection in animals that received either 2 X 7.5
or 2 X 15 MPTP.  D.  The time spent in contact with the supporting
wall during the hangtest was significantly increased following
injection in both 2 X 7.5 (days 7 and 14) and 2 X 15 (48 hours, 7, 14,
21 and 28 days post-injection) MPTP groups (*p < .05 compared to
saline controls; n =6 per group).
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Figure 1.3.  L-DOPA improves behavioral deficits in retired breeder C57BL/6j
mice.  A.  L-DOPA administration 28 days post-injection resulted in
a significant increase in forepaw step distance on the grid in retired
breeders given either 2 X 7.5 or 2 X 15 MPTP.  B.  Percent time
against supporting wall was significantly decreased in 2 X 15 retired
breeders following L-DOPA on day 28 post-injection (*p < .05
compared to D28 scores; n=6 per group).
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Effects of Moderate MPTP in Young C57BL/6j Male Mice

Striatal Dopamine, DOPAC and HVA

No significant differences between saline treated animals analyzed 48

hours, 7, or 30 days post-injection were found (F (2,9) = .255) therefore these

groups were collapsed for further analysis.  An overall treatment effect was found

for percent DA remaining (F (6, 41) = 9.994, p < .001) (Figure 1.4A).  A

significant decline in DA was found for animals treated with 2 X 7.5, 48 hours

post-injection (p < .02), and for animals treated with 2 X 15 MPTP 48 hours post-

injection (p < .001) and 7 days post-injection (p < .001).  Significant overall group

effects were found for both DOPAC (F (6,41) = 2.78, p < .05) and HVA (F (6,41)

= 3.243, p < .05) measures, but post-hoc analysis of individual groups compared

to saline controls were not significant (data not shown).

Striatal Expression of DAT, VMAT2 and TH

Changes in DAT expression were found between treatment groups (F (6,

40) = 11.360, p < .001) (Figure 1.4B & D).  Post-hoc analysis revealed a

significant decline in the amount of DAT expression in animals that received 2 X

15 MPTP compared to saline treated animals 48 hours post-injection (p < .001), 7

days post-injection (p < .001), and 30 days post-injection (p < .02).  No

significant declines in VMAT2 reactivity were found (F (6,40) = 1.731).  Finally,
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an overall group effect was found in the expression of striatal TH (F (6, 40) =

3.711, p < .01) (Figure 1.4C & D).  Animals treated with 2 X 15 MPTP revealed a

significant decline in TH expression compared to saline treated animals 48 hours

post-injection (p < .02) and 7 days post-injection (p < .02).
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Figure 1.4. Loss of dopaminergic markers in young C57 /Bl6 male mice treated
with MPTP. A.  The percent remaining DA was significantly
reduced in young C57BL/6j mice given 2 X 7.5 MPTP 48 hours
post-injection.  Young C57BL/6j mice given 2 X 15 MPTP had
significantly reduced striatal DA 48 hours post-injection and 7 days
following treatment.  B.  2 X 15 MPTP in young C57BL/6j mice
resulted in a sustained decrease in DAT immunoreactivity.  C.
Similar to DA levels, administration of 2 X 15 MPTP to young
C57BL/6j mice resulted in decreased TH reactivity 48 hours post-
injection and 7 days following injection (* p< .05 compared to saline
controls: saline 48 hours and saline 7 days n = 3; n = 6 for all
remaining groups).  D. Representative blots for DAT and TH in
young C57BL/6j mice at 30 days, 48 hours and 7 days post-injection.
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Behavioral Deficits

As with retired breeder males, we performed a battery of behavioral tests,

including both established and novel measures, on young C57BL/6j male mice, to

asses the behavioral effects of MPTP treatment.

Activity Monitoring

No significant group or group by day interactions were found in general

activity as measured by horizontal (group X day: F (10, 75) = 1.181; day: F (5,

75) = 3.566, p < .01; group F (2, 15) = .484) and vertical movements (group X

day: F (10, 75) = .959; day (5,75) = 2.695, p < .05; group: F (2, 15) = .907), nor

marginal time (group X day: F (10,75) = 1.173; day F (5,75) = 1.316; group F (2,

15) = .925) between saline treated mice and mice treated with either dose of

MPTP.  As noted above, significant day effects were seen in both horizontal and

vertical movements, these changes reflect an overall increase in horizontal and

decrease in vertical movement during the first week following injection across

testing groups.  Thus, as expected, no significant MPTP treatment effect was seen

in these measures.
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Rotorod & Hangtest

Again, as previous work demonstrated, moderated doses of MPTP in

young C57BL/6j mice resulted in no significant effects in either the rotorod test

(group X day: F (10,75) = 1.000; day: F (5,75) = .425; group: F (2, 15) = 1.000)

or the hangtest measure of strength (group X day: F (10, 75) = .612; day: F (5, 75)

= 1.443; group: F (2,15) = .844).

Forepaw Stride Length During Walking

Unlike retired breeder mice, young C57BL/6j mice only displayed a

significant day effect (F (5,75) = 10.252, p < .001) in forepaw stride length

reflecting a general increase in stride length across testing days.

Forepaw  Step Distance on the Grid

Significant day (F (5,75) = 6.678, p < .001), group X day (F (10,75) =

5.001, p < .001) and treatment group (F ( 2, 15) = 43.572, p < .001) effects were

seen in the forepaw step distance on the grid (Figure 1.5A).  Dunnett’s post-hoc

comparison revealed a significant difference between control treated animals and

animals that received 2 X 7.5 MPTP (p < .001) as well as between control animals

and animals that received 2 X 15 MPTP (p < .001).  In addition, ANOVA

comparisons at each testing day revealed significant treatment group differences

that persisted across testing days (48 hours (F (2,15) = 18.108, p < .001); post
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hoc: saline vs. 2 X 7.5 (p< .001), saline vs. 2 X 15 (p< .001): 7 days (F (2,15) =

43.362, p < .0001); post hoc: saline vs. 2 X 7.5 (p< .01), saline vs. 2 X 15 (p<

.001); 14 days (F (2,15) = 7.357, p < .01); post hoc: saline vs. 2 X 15 (p<. 01); 21

days (F (2,15) = 21.777, p < .001); post hoc: saline vs. 2 X 7.5 (p<.001), saline vs.

2 X 15 (p<.001); day 28 (F (2,15) = 8.452, p < .01); post hoc: saline vs. 2 X 7.5

(p<.01), saline vs. 2 X 15 (p<.05).

Forepaw Faults

Significant day (F (5,75) = 4.919, p < .001), group X day (F (10,75) =

3.268, p < .001) and treatment group (F (2, 15) = 7.319, p < .01) effects were seen

in the forepaw faults on the grid for young C57BL/6j mice (Figure 1.5B).

Dunnett’s post-hoc comparison revealed a significant difference between saline

animals and animals that received both 2 X 7.5 (p < .02) and 2 X 15 MPTP (p <

.01).  In addition, ANOVA comparisons at each testing day revealed significant

treatment group differences that persisted across testing days (48 hours (F (2,15)

= 7.167, p < .01); post hoc: saline vs. 2 X 15 (p< .01); 7 days (F (2,15) = 43.362,

p < .001); post hoc: saline vs. 2 X 7.5 (p < .01), saline vs. 2 X 15 (p < .001); 14

days (F (2,15) = 10.965, p < .01); post hoc: saline vs. 2 X 7.5 (p < .001), saline vs.

2 X 15 (p<. 01); 21 days (F (2,15) = 10.997, p < .01); post hoc: saline vs. 2 X 7.5

(p< .01), saline vs. 2 X 15 (p< .01).
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Wall Time

Significant day (F (5,75) = 5.266, p < .001) and group (F (2, 15) = 4.508, p

< .05) effects were found for percent time spent in contact with the wall (Figure

1.5C).  Dunnett’s post-hoc showed that both 2 X 7.5 animals (p < .05) and 2 X 15

animals (p < .05) spent more time in contact with the supporting wall compared to

saline controls.  Therefore, as was seen in retired breeder mice, measures of

behavior while performing the hangtest were different between saline and MPTP

treated animals.
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Figure 1.5. Behavioral analysis of young C57BL/6j mice treated with MPTP.  A.
Both MPTP treatment groups of young C57BL/6j mice displayed
significant declines in forepaw step distance on the grid.  B.  An
increase in forepaw faults on the grid was detected in both 2 X 7.5
(7, 14 & 21 days post-injection) and 2 X 15 (48 hours, 7, 14, and 21
days post-injection) animals (* p< .05 compared to saline controls at
each testing day; n = 6 for all groups).  C.  Increased contact with the
supporting wall was found in both 2 X 7.5 and 2 X 15 young
C57BL/6j   animals (*p < .05 compared to saline controls; n = 6 per
group).
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DISCUSSION

In PD, the most debilitating factor of the disease is the loss of motor

control. The MPTP mouse model of PD has been criticized for not displaying

behavioral deficits at DA depletion levels applicable to PD patients (Heikkila and

Sonsalla, 1992).  In this paper, we demonstrate that MPTP-treated mice do

display long-term behavioral deficits.  In addition, behavioral impairments

improve with increased striatal DA content, either through normal “spontaneous”

recovery in young mice, or following L-DOPA administration in retired breeder

mice.  Though we believe these behavioral tests are easily implemented and

reliable, the focus of this manuscript is to demonstrate that MPTP mice do exhibit

quantifiable behavioral deficits.

Retired breeder mice exposed to moderate doses of MPTP have persistent

striatal DA and DA terminal marker loss (Figure 1.1 & Table 1.1).  On standard

mouse behavioral tasks such as general activity monitoring, rotorod and hangtest,

this compromise to the nigrostriatal system does not result in detectable

impairments (Table 1.1).   Even though the animals do experience permanent

decreases in dopamine content, they are able to reach the endpoint measures of

these tasks efficiently.  During early testing of MPTP-treated animals, we noticed

that they behaved differently on the hangtest compared to saline controls even

though they completed the task successfully.  They had decreased step length,
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their paws slipped more when they moved and they spent more time against the

supporting wall.  Like decreased stride length during walking, the forepaw faults

(slips) on the grid measure a decrease in behavioral performance.  The measures

of wall time and step length on the grid measure compensatory strategies used by

MPTP mice, which allow them to reach the endpoint of the hangtest successfully.

In these measures, retired breeder mice treated with MPTP showed persistent

declines in behavioral performance (Figure 1.2).  L-DOPA administration on day

28 post-injection resulted in a significant increase in behavioral performance on

step distance and wall contact time in retired breeder mice given 2 X 15 MPTP

(Figure 1.3).

In addition to retired breeder mice, we investigate the behavioral

differences found in young mice exposed to MPTP.  As has been thoroughly

described in several previous studies, young C57BL/6j   mice display only

transient losses of striatal dopamine when exposed to moderate doses of MPTP

(Willis and Donnan, 1987; Mitsumoto et al., 1998; Fornai et al., 2000).  Thus,

these animals provide a system of striatal DA recovery.  Significant declines in

striatal DA content were found for 2 X 7.5 animals 48 hours post-injection and for

2 X 15 animals 48 hours and 7 days post-injection.  These results were mirrored

by TH immunoreactivity.  In addition, 2 X 15 animals displayed persistent

declines in DAT immunoreactivity, indicating compromise in the DA
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transmission system that persisted up to day 30 post-injection (Figure 1.4).

Though 2 X 7.5 animals show recovery of striatal DA and terminal markers,

behavioral impairments persisted. Our data indicate that performance on these

tests correlate to striatal DA levels (Table 1.1), but we cannot rule out that these

measures may also reflect changes in other neurotransmitter systems such as

norepinephrine and serotonin (Sundstrom et al., 1987; Hoskins and Davis, 1989;

Lee and Lu, 1995).  In addition, when measures diverged from striatal DA

content, as was seen in the long-term decrease step length and increased wall time

on the grid for 2 X 7.5 young mice, it is probable that these effects are due to

learned strategies developed during the period of DA compromise, and the

persistent effects on these tasks represent either an inability or lack of initiative of

the animals to return to pre-injection behavior.

In addition to losses in striatal dopamine content, PD is characterized by a

corresponding loss of dopamine transporters in the striatum (Kaufman and

Madras, 1991; Miller et al., 1997). The use of single photon emission computed

tomography (SPECT) imaging of radiolabled DAT is a highly reliable marker of

early PD, demonstrating strong correlations between striatal DAT loss and

parkinsonian symptoms (Innis et al., 1993; Seibyl et al., 1995).  In addition to

DAT, the vesicular monoamine transporter (VMAT2) is critical in the regulation

of the striatal dopamine system and is a stable marker of striatal neuronal integrity
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(Naudon et al., 1994; Vander Borght et al., 1995a; Vander Borght et al., 1995b;

Frey et al., 1997; Wang et al., 1997; Miller et al., 1999b).  In the MPTP mouse

model used in these studies, we are able to replicate these neurochemical changes

in the striatum.  In retired breeder males with permanent dopamine loss, we saw

decreases in VMAT2 expression, and in animals with the highest dose of MPTP,

losses in DAT expression as well (Figure 1.1 & Table 1.1).

The present study replicates previous reports that demonstrate that MPTP-

treated retired breeder C57BL/6j   mice provide an excellent model for the striatal

neurochemical alterations seen in PD, but argues against work that concluded that

moderate doses of MPTP do not result in behavioral abnormalities (Ogawa et al.,

1985; Willis et al., 1988; Heikkila et al., 1989; Colotla et al., 1990; Sundstrom et

al., 1990; Heikkila and Sonsalla, 1992; Fredriksson and Archer, 1994; Fredriksson

et al., 1997; Rozas et al., 1998; Spooren et al., 1998; Sedelis et al., 2001).  We

have shown behavioral performance on established motor tasks in mice (rotorod,

activity monitor and hangtest) does not correlate to striatal dopamine content for

the dose of MPTP given in these experiments (Table 1.1).  However, we have

identified 4 behavioral changes that are highly correlated to striatal DA content,

as well as DA terminal markers (Table 1.1).   We do not presume that these

measures encompass all possible behavioral deficits in MPTP mice, but they do

clearly demonstrate that MPTP mice do display behavioral impairments at
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neurochemical alterations similar to those seen in the early stages of PD (Tetrud,

1991; Camicioli et al., 2001).  As significant advances in the application of

neuroprotective treatments continue, identifying patients in the early stages of the

disease is a priority.  Our data support the idea that behavioral testing may be

useful in the earlier detection in PD (Montgomery et al., 2000b; Montgomery et

al., 2000a; Wolters et al., 2000).
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Table 1.1: Neurochemical and Behavioral Correlations. Pearson Product Moment
Correlations between striatal dopamine content and terminal
markers, and between striatal DA, DAT, VMAT2 and TH with
behavioral analysis on the final day of testing for retired breeder
mice (** < .001; * < .01; + <. 05).

Experimental measure             DA                  DAT                VMAT2          TH       
Striatal DA       r =   -       r = .64*       r= .78**           r= .82**

Forepaw stride length .49+ .47+ .55* .51*

Forepaw step distance (grid) .78** .33 .59+ .66*

Forepaw faults (grid) -.81** -.36 -.63* -.63*

Wall time (grid) -.69* -.58+ -.64* -.71*

Rotorod .18 .12 .04 -.31

Hangtest .28 .17 .27 .00

Activity Monitor (horiz) -.03 .06 .09 -.08

Activity Monitor (vert.) .23 .23 .34 .14
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The grid performance test to measure behavioral impairment in
the MPTP-treated-mouse model of parkinsonism2

ABSTRACT

Behavioral impairments in mice following administration of the dopaminergic

neurotoxin MPTP require large depletions in striatal dopamine content and are

often still transient.  In this paper, we describe a simple and inexpensive test that

measures long-term behavioral deficits in mice treated with moderate doses of

MPTP.  These measures are highly correlated with the loss of striatal dopamine,

and immunoreactivity of the dopamine transporter, vesicular monoamine

transporter expression, and tyrosine hydroxylase.  In addition, measured

behavioral impairments on the measures of step distance and reliance on the

supporting wall are reversed following L-DOPA administration.  Employment of

these measures will allow for more efficacious use of mice in PD research, as well

as provide more sensitive measures of behavioral improvement following

po ten t i a l  t he rapeu t i c  o r  neu rop ro t ec t ive  i n t e rven t ions .

                                                  
2 Jennifer L. Tillerson & Gary W. Miller, submitted
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INTRODUCTION

Parkinson’s disease (PD) is characterized by akinesia, tremor, rigidity,

postural instability and abnormalities of gait (Olanow and Tatton, 1999).   Several

rodent models of PD have been developed in both rats and mice.  Two of the most

common rat models are the reserpinized rat model and the unilateral 6-

hydroxydopamine rat model.  Both of these models have been invaluable tools in

advances in the pharmacotherapy as well as in testing new intervention such as

growth factor therapy (Cotzias et al., 1967; Zigmond and Stricker, 1989; Olsson

et al., 1995). One of the most useful characteristics of these two rat models is their

ability to reflect behavioral manifestations of the disorder (Schallert et al., 1978;

Olsson et al., 1995; Schallert and Tillerson, 2000; Ballermann et al., 2001).

In a mouse model of PD, the neurotoxin 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) is systemically administered creating a bilateral

dopamine (DA) loss.  The MPTP mouse model of PD has been limited in its

ability to demonstrate persistent motor deficits.  Indeed, to obtain consistent

behavioral deficits on standard mouse motor tests such as the rotorod, hangtest

and general activity monitoring, very large doses of MPTP (for example, 30

mg/kg twice a day for 5 consecutive days) must be used and behavioral alterations

are often still transient (Ogawa et al., 1985; Willis et al., 1988; Heikkila et al.,

1989; Colotla et al., 1990; Sundstrom et al., 1990; Heikkila and Sonsalla, 1992;
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Fredriksson and Archer, 1994; Fredriksson et al., 1997; Rozas et al., 1998;

Spooren et al., 1998; Sedelis et al., 2001).  Unfortunately, without measurable

behavioral correlates to striatal dopamine integrity, this model fails to replicate a

vital characteristic of the disorder. The present paper describes a new method for

measuring behavioral deficits following moderate doses of MPTP in both retired

breeder and young C57BL/6j male mice.
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METHODS

Subjects

Thirty-seven retired-breeder C57BL/6j (retired breeder), and 30 young

C57BL/6j male mice (Jackson Laboratory, Bar Harbor, Maine), singly housed,

were used for these experiments.  Animals were handled daily for 2 weeks prior

to injection, in order to make them amenable to behavioral testing. All mice were

maintained on a standard 12:12 light/dark cycle, and given ad libitum access to

lab chow and water.  All behavior testing was performed during the animals’ dark

cycle.

Injections

Mice were injected (s.q.) twice a day with either 7.5 mg/kg (2 X 7.5), 15

mg/kg (2 X 15) 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride

(M0896, Sigma, St. Louis, MO) or saline with an inter-injection interval of 12

hours (first injection, 6 p.m.; second injection, 6 a.m.) as outlined in Experimental

Design.  A subset of retired breeder mice were also given a 15 mg/kg dose of L-

DOPA (D1507, Sigma) on day 28 post-injection (20 minutes before L-DOPA

administration, animals were given 12.5 mg/kg benserazide (B7283, Sigma) a

peripheral dopa decarboxylase inhibitor) and subjected to behavioral tests 20

minutes post-L-DOPA injection.
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Grid Test

Mice were lifted by their tail and slowly placed on a horizontal grid (grid

12cm2: openings .5cm2) and supported until they grabbed the grid with both their

fore- and hind-paws.  The size of openings on the grid is important.  The

described dimensions above allow for the animal to completely place its paw

within one square.  Smaller openings will make grasping the grid more difficult.

Larger openings will make it more difficult for the animal to cross the grid.  In

other words, for the animal to move across the grid, larger square openings would

require increased step lengths.  In addition, the wire mesh used to make the grid

must be sturdy enough to easily maintain the weight and movement of the

animals.  The edges of the grid should be blunted so as to prevent any injury to

the animal if they find a way to lodge their paws between the wall and the edge of

the grid (Figure 2.1A).

The grid was then inverted so that the mice were hanging upside down

(Figure 2.1B).  The grid was mounted 20 cm above a hard surface, thus

discouraging falling, but not leading to injury in case of falling. The apparatus

was equipped with a 3-inch wall, to prevent animals from transversing to the

upper-side of the grid.  This wall was made of 1/4-inch thick cardboard and

mounted onto the grid so that the grid and the wall were at a 90-degree angle.

The wall did not restrict movement on the grid, as it was attached at on the sides
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Figure 2.1.  Grid design and rating.  A.  Picture of the grid in its upright position.
B.  Picture of the grid inverted, as positioned during testing.  C.
Example grid rating sheet.
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A.

B.
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C.

Forepaw Step Length

3, 4, 2, 6, 5, 5, 1, 1, 3, 3, 4, 4, 4 = 45/13     = avr. step 3.46

Forepaw Faults

1,  1,  1 = 3/16*100  = % faults 18.75

Wall Time
(calculated with counter on either VCR or if timer was recorded on video)

03-06 = 3 seconds

10-14 = 4 seconds

21-27 = 6 seconds

Total video time from 0-30 = 13/30*100 =  % wall time 43.33
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(Figure 2.1A & B).  Animals were videotaped while hanging upside down for 30

sec., and videos replayed for analysis of the following measures using a recorder

with slow motion and frame-by-frame option (Figure 2.1C).

Average Forepaw Step Distance

The length of each successful forepaw step was measured as the number

of grid squares/openings transversed.  The average forepaw distance was

calculated by summing the distances for each successful step then dividing by the

number of successful steps.  A successful step is defined by a release of the paw

on the grid, movement of the paw to another area on the grid, and placement of

the paw on the grid with fingers closed around the grid, thus resulting in a shift

from the starting grid position to the destined grid position without the paw

slipping or not completely grasping the grid (Figure 2.2 & 2.1C).

Percent Forepaw Faults

The number of unsuccessful forepaw steps divided by the total number of

attempted forepaw steps was recorded.  An unsuccessful step was defined as an

attempt to step or place the forepaw during a weight shifting (place shifting)

movement in which the paw was unsuccessfully placed onto its destined position

and had to be replaced on the grid by the animal so as to regain weight-baring

control.  The designation of a weight shift movement is very important in this
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Figure 2.2.  Example of Forepaw Step.  This diagram displays a section of the
grid.  Each oval represents the forepaw of one animal.  The
successful shift and replacement of the forepaw results in a forepaw
s t e p  s c o r e  o f  4 .

1    2   3    4
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measure.  Often times, mice will hang and shuffle their paws across the grid,

without an initiation of movement.  This measure is not correlated to DA loss, and

should not be included as a forepaw fault (Figure 2.1C).

Wall Time

The time spent in physical contact with the surrounding wall divided by the total

time on the grid X 100.  Contact with the supporting wall was defined as physical

contact with the supporting wall with either the head or trunk of the body.

Contact with just the tail was not included.  When an animal is in contact with the

wall, there will be apparent leaning or displacement of body weight against the

wall.  When the animal is exploring the grid and happens to contact the wall, but

not stop and displace weight or lean against it, this time should not be counted.  If

an animal moves back and forth on the grid, but only while leaning against the

wall, this time should be counted.   Most measures of wall contact will be obvious

if the rater keeps in mind that the measure of wall contact is one of reliance on an

external factor to remain on the grid, and not a happenstance contact with the wall

(Figure 2.3 & 2.1C).
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Figure 2.3.  Example of an animal in contact with the supporting wall.  In this
photo the animal is positioned with a substantial portion of its trunk
and head in direct contact with the supporting wall.
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High Performance Liquid Chromatography

Animals were anesthetized with carbon dioxide and decapitated.  A 1-mm

section of the striatum (+1mm to bregma) was dissected for both the left and right

hemispheres.  The left hemisphere was used in HPLC analysis, while the right

hemisphere was used for western blot analysis. Dissected left striata were

sonicated in 0.1 M perchloric acid containing 347 µM sodium bisulphite and 134

µM EDTA disodium salt. Homogenates were centrifuged at 16,000 x g for 20

minutes at 4° C and the supernatant removed. The supernatants were centrifuged

at 16,000 x g and the supernatants analyzed for levels of DA, 3,4-

dihydroxiphenylacetic acid (DOPAC), and homovanillic acid (HVA) by HPLC

(Column, HR-80, 4.6 mm x 8 cm, 4-channel coulometric electrode array (Model

5600, ESA Inc, Chelmsford, MA) with sensitivity to femtomole levels).  The

mobile phase consisted of 16 mM citric acid monohydrate, 32 mM ammonium

acetate, 215 µM EDTA disodium salt, 850 µM 1-octanesulfonic acid sodium salt

monohydrate (final pH 2.5) and 5% methanol (delivered at a constant flow rate of

1 ml/min).  Quantification was made by reference to calibration curves made with

monoamine standards (dopamine hydrochloride (H8502, Sigma), DOPAC

(D9128, Sigma) and HVA (H1252, Sigma)).
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Western Blot Analysis

Right striata samples were homogenized in buffer (320 mM sucrose and

5mM HEPES containing protease inhibitor cocktail). Homogenized samples were

centrifuged at 2,000 x g for 5 min, and supernatant centrifuged at 30,000 x g for

30 min. The final pellet was resuspended in homogenization buffer and subjected

to polyacrylamide gel electrophoresis (NuPage, 10% Invitrogen). Samples were

electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane,

and non-specific sites blocked in 7.5% nonfat dry milk in Tris-buffered saline

(135 mM NaCl, 2.5 mM KCl, 50 mM Tris, and 0.1% Tween-20, pH 7.4).

Membranes were then incubated in a polyclonal antibody to the C-terminus of

VMAT2 (pAB VMAT2-Ct; AB1767, Chemicon, Temecula, CA) in Tris-buffered

saline with 2% nonfat dry milk. VMAT2 antibody binding was detected using a

goat anti-rabbit horseradish peroxidase secondary antibody (170-6515, Bio-Rad,

Hercules, CA) and enhanced chemiluminescence (CG50450, Pierce, Rockford,

IL). The chemiluminescent signal was captured on an Alpha Innotech

ChemiImager (San Leandro, CA) and stored as a digital image. Densitometric

analysis was performed and calibrated to co-blotted dilutional standards of control

striata and exposures performed within the linear range.  Control striata for the

standards were pooled from all saline treated animals. Membranes were then

stripped for 20 min at 80°C (8 M urea, 100 mM 2-mercaptoethanol, and 62.5 mM



91

Tris, pH 6.8) and re-probed with a monoclonal antibody to the N-terminus of

DAT (rat anti-dopamine transporter antibody ((Miller et al., 1997) (MAB369,

Chemicon) (goat anti-rat secondary (56400, ICN, Costa Mesa, CA)), a polyclonal

TH antibody (rabbit anti-tyrosine hydroxylase (AB152, Chemicon)), and alpha-

tubulin ((T9026, Sigma) goat anti-mouse secondary (170-6516, Bio-Rad).

Statistics

Neurochemical measures were analyzed by applying a one-way ANOVA

for each group.   When significance between treatment groups was achieved, post-

hoc comparisons of each treatment group to saline control, and when applicable

comparisons to treatment at different time-points, were performed.  Behavioral

observations were first subjected to traditional overall, repeated measures

ANOVAs.  Interactions for all retired breeder behavioral data were a result of the

lesion-induced shift from pre-lesion measures.  Therefore, elimination of pre-test

from the analysis resulted in a loss of interaction, and only Dunnett’s post-hoc

comparison of group, using saline controls as reference group, was performed.

Young C57BL/6j mouse behavior was analyzed by comparing each post-injection

day to the pre-lesion scores for treated animals.  This analysis allowed for

demonstration of both significant MPTP-induced behaviors and recovery over
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time.  All post-hoc measures were Bonferroni corrected to keep the overall error

rate per group at 0.05.

Experimental Design

Retired breeder males received 2 injections of either 7.5, 15 mg/kg MPTP

or saline, and behavioral analysis was performed prior to injection, and on days 7,

14, 21 and 28 post-second injection.  They were then sacrificed on day 30 post-

injection.   Young C57BL/6j mice were exposed to 2 injections of either 15 mg/kg

MPTP or saline.  Twelve animals (saline =6; MPTP = 6) had behavioral analysis

performed prior to injection and up to day 28 post-injection like retired breeder

mice.  These animals were also sacrificed on day 30-post injection. Young

C57BL/6j mice exposed to moderate doses of MPTP display “spontaneous”

recovery of striatal DA content and no SN cell loss (Mitsumoto et al., 1998;

Fornai et al., 2000).  Because of this, 9 young mice were sacrificed 48 hours post-

second injection (saline = 3; MPTP =6), and 9 mice were sacrificed 7 days post-

second injection to verify transient DA loss.  No behavioral analysis was

performed on young mice sacrificed either 48 hours post-injection or on day 7.
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Results

MPTP Injection Resulted in Significant Loss of Striatal DA and DA Markers

in Retired Breeder Mice

Both injections of either 2 X 7.5 or 2 X 15 mg/kg MPTP resulted in a

significant decline in striatal DA content (Figure 2.4A) (overall: F (2,34) =

57.384, p < .001; saline vs. 2 X 7.5, p < .001; saline vs. 2 X 15, p < .001; 2 X 7.5

vs. 2 X 15, p < .05).  In addition to overall DA content, immunoreactivity of

striatal DA terminal markers was also significantly decreased in both MPTP

treatment groups (Figure 2.4B) (DAT: F (2,33) = 44.116, p < .001; saline vs. 2 X

7.5, p < .02; saline vs. 2 X 15, p < .001; 2 X 7.5 vs. 2 X 15, p <.001: VMAT2: F

(2,33) = 41.377, p < .001; saline vs. 2 X 15, p < .001; 2 X 7.5 vs. 2 X 15, p <

.001: TH: F (2,33) = 30.068, p < .001; saline vs. 2 X 7.5, p < .001; saline vs. 2 X

15, p < .001).  Thus, the two doses of MPTP used in these experiments resulted in

long-term and dose-dependent loss of striatal DA and DA terminal markers in

retired breeder mice.
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Figure 2.4.  Moderate doses of MPTP result in significant and sustained loss of
striatal DA in retired breeder mice.  A. Both 2 X 7.5 and 2 X 25
mg/kg MPTP resulted in significant declines in striatal DA in retired
breeder mice at 30 days post-injection.  In addition, animals injected
with 2 X 15 mg/kg had significantly less striatal DA compared to 2
X 7.5 animals.  B.  Immunoreactivity of the DA terminal markers
DAT and TH was significantly declined in 2 X 7.5 animals.  2 X 15
animals showed significant declines in DAT, VMAT2 and TH
immunoreactivity on day 30 post-injection (* p < .05 compared to
saline controls; +p  < .05 compared to 2 X 7.5 group: saline n = 17; 2
X 7.5 n = 6; 2 X 15 n = 13).
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MPTP Injection in Retired Breeder Mice Resulted in Long-Term Behavioral

Deficits

Repeated measures ANOVA revealed a significant Day effect (F (4, 136)

= 28.662, p < .001), Group effect (F (2,34) = 67.661, p < .001), and Day X Group

interaction (F (8,136) = 10.844, p < .001) in the measure of step distance on the

grid (Figure 2.5A).  Upon removal of pre-injection measures, both the Day effect

and Day X Group interaction were lost, with an overall Group effect remaining (F

(2,34) = 115.786, p < .001).  Post-hoc comparisons revealed a significant overall

decline in step distance across testing days in animals given 2 X 7.5 MPTP (p <

.001) as well as animals given 2 X 15 MPTP (p < .001) when compared to saline

controls.  Thus, administration of either dose of MPTP resulted in long-term

decreased step distance on the grid compared to saline control (Figure 2.5A).

Repeated measures ANOVA revealed a significant Day effect (F (4, 136)

=7.121, p < .001), Group effect (F (2,34) = 28.435, p < .001), and Day X Group

interaction (F (8,136) = 3.313, p < .01) on the measure of percent forepaw faults

on the grid (Figure 2.5B).  As seen in step distance measures, the initial shift from

pre-injection scores in both treatment groups was responsible for the Day effect

and Group X Day interaction, and removal of this time point from the analysis

resulted in only a sustained Group effect (F (2,34) = 28.101, p < .001).  Post-hoc

comparisons again revealed a significant long-term impairment as measured by
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increased forepaw faults on the grid in both 2 X 7.5 (p < .001) and 2 X 15 (p <

.001) MPTP treatment groups compared to saline controls (Figure 2.5B).

Finally, repeated measures ANOVA of wall contact time again revealed

significant Day (F (4, 136) = 8.036, p < .001), Group (F (2,34) = 50.365, p < .001)

and Day X Group (F (8, 136) = 4.740, p < .001) effects in retired breeder mice

(Figure 2.5C).  When pre-injection scores were eliminated from the analysis, only

an overall Group effect (F (2,34) = 52.887, p < .001) remained.  Post-hoc analysis

demonstrated a significant increase in reliance on the wall in both 2 X 7.5 (p <

.01) and 2 X 15 (p < .001) groups compared to saline controls.  In addition, a dose

effect in wall contact time was also measured, with animals given 2 X 15 mg/kg

MPTP spending significantly more time in contact with the wall than animals

given 2 X 7.5 MPTP (p < .001) (Figure 2.5C).

Behavioral Performance on the Grid is Significantly Improved Following L-

DOPA Administration in Retired Breeder Mice

L-DOPA administration on day 28 post-injection resulted in significant

improvement on step length scores in both 2 X 7.5 (F (1,10) = 34.916, p < .001)

and 2 X 15 (F (1,18) = 6.359, p < .05) animals compared to pre-L-DOPA scores

(Figure 2.6A).  In addition, 2 X 15 animals also displayed a decrease in reliance

on the supporting wall following L-DOPA administration (F (1,18) = 10.535, p <

.01) (Figure 2.6B).
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Figure 2.5. Moderate doses of MPTP resulted in sustained behavioral impairments
in retired breeder mice.  A.  Both treatment groups displayed
sustained and significant decreases in step distance on the grid
following MPTP injection.  B.  Both treatment groups showed
sustained increases in forepaw faults following MPTP injection.  C.
Both MPTP treatment groups spent more time in contact with the
supporting wall following injection.  This reliance lasted across
testing days.  (*p < .05 compared to saline controls; +p < .05
compared to 2 X 7.5 group: saline n = 17; 2 X 7.5 n = 6; 2 X 15 n =
14).
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Figure 2.6. Behavioral performance in retired breeder mice given MPTP was
improved following L-DOPA administration.  A.  In both treatment
groups, a significant increase in step distance was observed
following administration of L-DOPA.  B.  Animals given 2 X 15
MPTP showed a significant decline in contact time with the
supporting wall following administration of L-DOPA (* p < .05
compared to d28 score: n = 6 per group).
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2 X 15 mg/kg MPTP in Young C57BL/6j Mice Resulted in Transient Declines

in Striatal DA and DA Terminal Markers

A significant group effect for striatal DA (F (3,26) =30.722, p < .001) was

found using a one-way ANOVA comparing saline treated animals to MPTP

treated mice at different days (Figure 2.7A).  Post-hoc comparisons demonstrated

significant declines 48 hours post-injection (p < .001), 7 days post-injection (p <

.001) and 30 days post-injection (p < .01) compared to saline controls.  In

addition, a recovery of initial striatal DA loss was demonstrated between the 48-

hour group vs. the day 30 group (p < .01) and between the day 7 group and the

day 30 group (p < .02).  Thus, 2 X 15 mg/kg MPTP resulted in significant

declines in striatal DA, with a time-dependent increase in striatal DA

concentrations (Figure 2.7A).

Immunoreactivity of DA terminal markers showed similar time-dependent

declines following MPTP administration (Figure 2.8).  Overall analysis revealed

group differences in DAT immunoreactivity (F (3,25) = 29.784, p < .001).

Compared to saline treated animals, all three MPTP time points displayed

significant loss of DAT expression (48 hours, p < .001; day 7, p < .001; day 30, p

< .001).  VMAT2 immunoreactivity was significantly decreased 7 days post-

injection, but recovered to saline levels by day 30 post injection (overall: F (3,25)

= 3.198, p < .05: saline vs. day 7, p < .05).  Similarly, TH immunoreactivity was
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significantly different between saline treated animals and MPTP time points (F

(3,25) =14.107, p < .001), with post-hoc analysis revealing declines at 48 hours

post-injection (p < .001) and 7 days post-injection (p < .001), but returning to

saline levels by day 30 post-injection (Figure 2.8).

Behavioral Performance on the Grid Test Showed Similar Recovery to

Striatal DA  in Young Mice Exposed to MPTP

MPTP administration led to a sustained decline in step length on the grid

(F (3,20) = 30.679, p < .001) (Figure 2.7B).  Post-hoc tests comparing each MPTP

time point to saline controls showed significant declines at each time point (48

hours, p < .001; day 7, p < .001; day 30, p < .001).  MPTP administration also led

to increased forepaw faults on the grid (F (3,20) = 5.550, p < .01) (Figure 2.7C).

Performance on this measure was impaired 48 hours post-injection (p < .01) and 7

days post-injection (p < .05), but recovered by day 30 post-injection.  Similarly,

dependence on the supporting wall showed an overall increase following MPTP

injection (F (3,20) = 5.166, p < .01), with significant impairments at 48 hours

post-injection (p < .01) that returned to near baseline by 7 days post-injection

(Figure 2.7D).  Thus, in young mice exposed to MPTP, behavioral performance

on the grid showed a similar “spontaneous” recovery as was measured in striatal

DA integrity (Figure 2.7).
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Figure 2.7.  2 X 15 mg/kg MPTP in young C57BL/6j mice resulted in differential
DA loss and behavioral impairments.  A. Young C57BL/6j mice
given 2 X 15 mg/kg MPTP showed significant declines in striatal
DA content 48 hours, 7 and 30 days post-lesion.  DA concentrations
were significantly lower 48 hours and 7 days post-lesion compared
to day 30 post-lesion, demonstrating the previously described
recovery in nigrostriatal DA content in young mice (saline n = 12, all
other groups n = 6).  B.  Moderate doses of MPTP resulted in
declines in stride distance on the grid in young mice.  C.  Time-
dependent increases in forepaw faults were measured in young mice
given a moderate dose of MPTP.  D.  Time-dependent reliance on
the supporting wall was observed following moderate dosing of
MPTP in young mice (* p < .05 compared to saline controls: n = 6
per group).
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Discussion

This paper describes a motor task useful for the evaluation of bilateral

deficits in mice following exposure to moderate doses of MPTP.  The measures of

forepaw step length, forepaw faults and wall contact time accurately reflects the

persistent dopaminergic loss in the retired breeder mice exposed to moderate

levels of MPTP, and these behavioral deficits are reversed following L-DOPA

treatment (Figures 2.4-2.6).  Unlike the standard motor tests currently employed

for analysis in mice, the tasks described in this paper are highly correlated to

striatal dopamine levels at the dosing regimen used in these experiments (Table

2.1).

Retired breeder mice exposed to moderate doses of MPTP do not show

behavioral impairments on measures of general activity, rotorod and hangtest

(Ogawa et al., 1985; Willis et al., 1988; Heikkila et al., 1989; Colotla et al., 1990;

Sundstrom et al., 1990; Heikkila and Sonsalla, 1992; Fredriksson and Archer,

1994; Fredriksson et al., 1997; Rozas et al., 1998; Spooren et al., 1998; Sedelis et

al., 2001).  Even though the animals do experience permanent decreases in

dopamine content, they are able to reach the endpoint measures of these tasks

efficiently.  Indeed, we have recently shown that behavioral performance on these

standard tests is not correlated to striatal DA content (Tillerson et al., submitted).

In the present study, we have measured the compensatory mechanisms these
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animals engage in while hanging on a grid, as a reflector of dopamine integrity.

The underlying assumption of the measures outlined in this report is animals with

more compromised systems will develop more compensatory strategies and rely

on external means, such as a supporting wall, in order to complete the task.

In addition to retired breeder mice, we investigated the behavioral

differences found in young mice exposed to MPTP.  As has been thoroughly

described, young C57BL/6j mice display only transient losses of striatal

dopamine when exposed to moderate doses of MPTP (Willis and Donnan, 1987;

Mitsumoto et al., 1998; Fornai et al., 2000).  Thus, these animals provide a system

of striatal DA recovery.  Young C57BL/6J    mice exposed to MPTP displayed

transient behavioral deficits in the measures outlined in this paper that recovered

in a similar fashion as the neurochemical recovery (Figures 2.7 & 2.8).  Animals

injected with 2 X 15 MPTP, showed decreased DA concentrations, DAT

expression and TH expression 48 hours post-injection and 7 days post injection.

The decreased DAT was still evident on those animals sacrificed 30 days post

injection, indicating compromise in the DA transmission system that persisted up

to day 30.  The fact that the dopamine system is still compromised at day 30 for

young animals that received 2 X 15 MPTP supports the behavioral deficits

displayed by these animals throughout post-injection periods.
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All three performance measures on the grid were highly correlated to

striatal DA levels (Table 2.1).  Of the three measures, forepaw faults was the most

difficult to rate.  It is very important that while videotaping that the camera is

close enough to the animal and grid to measure slips of the paw and whether the

fingers of the paw close around the wire of the grid.  Raters experienced in

behavioral analysis of rodents should be able to measure forepaw faults within a

few trials.  On the other hand, person who has not done much behavior rating may

find this to be a difficult measure.  Though forepaw faults is very useful

logistically and conceptually, it is possible to evaluate striatal DA integrity using

only the forepaw steps and wall time, both of which un-experienced behavior

raters should be able to learn within a few trials.  Indeed, depending on the overall

aim of the study, it would be possible to measure wall contact time during the

actual hanging trial with use of two stopwatches.

We initially designed these behavior tests for one reason.  We had an

experimental intervention that we though could bring striatal DA content back to

a level that would allow for behavioral sparing in MPTP mice.  If this were

possible, the proposed intervention would have the potential to be highly useful in

PD therapy.  The foundation of the proposed experiment depended on accurate

and sensitive behavioral analysis.  This critical behavioral evaluation was not

possible with the current mouse motor tests, thus completely disabling our ability
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to test the usefulness of our proposed intervention.  As with our experimental

manipulation, the majority of experimental manipulations tested in rodent models

of neurodegenerative disease do not completely reverse injury.  Instead, they

enable plasticity in the damaged system that will result in some recovery of

symptoms.  Indeed, motor symptoms are the hallmark characteristics of PD, and

an animal model that does not allow you to test recovery of the characteristic

symptoms of a disorder is limited it in experimental usefulness.  The behavioral

measures outlined in this paper will now allow for behavioral analysis in the

mouse MPTP model. They will allow for not only detection of behavioral

impairment, but have also been shown to be sensitive enough to striatal DA

perturbations to measure therapeutic increases in DA levels.  In addition, these

tests may prove beneficial in other mouse models of disease with altered striatal

DA function and/or motor impairments.
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Table 2.1. Neurochemical and Behavioral Correlations:  Pearson Product Moment
Correlations between striatal DA, DAT, VMAT2 and TH and the
three grid measures on the final day of testing for retired breeder
mice (* <.01; + <.05).

Grid Measure              DA                  DAT                VMAT2          TH       
Forepaw Step      r = .61*      r = .35+       r = .45*           r = .61*

Forepaw Fault -.52* -.29 -41+ -.49*

Wall Time -.69* -.65* -.70* .67*
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Critical role of D2 receptor in olfactory discrimination revealed in

animals with altered dopamine neurotransmission3

SUMMARY

Dopamine is thought to modulate olfactory bulb processing.  To determine the

role of the dopamine transporter (DAT) in olfactory processing, we subjected

DAT knockout (DAT KO) mice to a battery of olfactory tests and examined

neurochemical markers of olfactory bulb integrity and function.  DAT KO mice

display an olfactory discrimination deficit, but no odor habituation, sensitivity, or

memory deficits.  Since D2 receptor function is altered in DAT KO mice and D2

receptors have been hypothesized to modulate the specificity of mitral/tufted

response, we tested the olfactory ability of D2 KO mice.  D2 KO mice exhibited

the identical deficit as the DAT KO mice.  These findings demonstrate the vital

role dopamine and its D2 receptor in olfaction.

                                                  
3 J.L. Tillerson, J. Parent, C. Gong, T. Schallert, D.K. Grandy , M.G. Caron & G.W. Miller,
submitted
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INTRODUCTION

The interaction of dopamine (DA) at both the input (glomerular) and

output (granule) layers of the main olfactory bulb suggests a role for dopamine in

odor detection (Brunig et al., 1999).  Recent work has implicated the D2 receptor

in synaptic discrimination within the olfactory bulb.  For example, dopamine acts

at the D2 receptor to provide an inhibitory influence on the input from the

olfactory receptor neurons.  Dopamine is also hypothesized to cause lateral

inhibition of the mitral/tufted cell output cells in the glomerular layer through

facilitation of GABA response (Doty and Risser, 1989; Wilson and Sullivan,

1995; Brunig et al., 1999; Hsia et al., 1999; Koster et al., 1999; Vargas and

Lucero, 1999; Berkowicz and Trombley, 2000).  Depletion of dopamine in

developing or adult rodents impairs olfactory discrimination and this effect is

replicated by D2 receptor antagonist treatment of adult rats (Royet et al., 1989;

Wilson and Sullivan, 1995; Jin et al., 1996; Johnson et al., 1996; Philpot et al.,

1997).  In addition, olfactory dysfunction is a common symptom of several

neurological disorders involving altered dopaminergic transmission, such as

schizophrenia, Parkinson’s disease, obsessive-compulsive disorder, and attention

deficit hyperactivity disorder (Doty, 1997; Gansler et al., 1998; Barnett et al.,

1999; Moberg et al., 1999).
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One of the major regulators of DA function is the plasma membrane

dopamine transporter (DAT).  The primary function of DAT is synaptic regulation

of dopamine. High levels of DAT expression are found in the dopaminergic cells

of the substantia nigra pars compacta, the ventral tegmental area, and in

dopaminergic projection areas of the basal ganglia (Cerruti et al., 1993; Ciliax et

al., 1995; Miller et al., 1997; Ciliax et al., 1999).  DAT has also been detected in

the retina, olfactory bulb and the hypothalamus (Cerruti et al., 1993). We have

developed a knockout mouse devoid of DAT (Giros et al., 1996).  Deletion of the

DAT gene results in increased extracellular dopamine and enkephalin expression,

decreased tissue content of dopamine, reduced levels of striatal D1 and D2

receptors, as well as loss of D2 autoreceptor function (Giros et al., 1996; Jones et

al., 1998; Jones et al., 1999a).

We have observed several social anomalies in DAT KO mice, such as

increased social interaction and aggression. In addition, DAT KO mice have

several well-defined behavioral abnormalities.  These include hyperactivity,

irritability, decreased habituation to a novel testing environment, and deficits in

learning and maternal behavior (Giros et al., 1996; Gainetdinov et al., 1999a;

Gainetdinov et al., 1999b; Spielewoy et al., 2000).  These behavioral differences

are reminiscent of the behavioral phenomena in rodents with bilateral removal of

the olfactory bulb, which suggested to us that the olfactory function of DAT KO
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mice might be compromised.  Bulbectomized rodents display increased

locomotion and arousal, along with hyperactivity and decreased habituation,

increased irritability, difficulty in handling, increased aggression, and extreme

changes in maternal behavior. Removal of the olfactory bulbs also causes learning

and memory deficits, changes in feeding patterns resulting in decreased body

weight, altered sleeping patterns, and increased enkephalin levels in the striatum

(for review see, (Leonard and Tuite, 1981; Vion-Dury et al., 1986). Based on the

striking similarities between DAT KO mice and bulbectomized rodents and the

strong evidence supporting a role for DA in olfactory processing, we tested the

hypothesis that DAT KO mice might display olfactory deficits.
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RESULTS

Paradigm One:  Analysis of Behavioral and Neurochemical Changes in DAT

KO Mice

Behavioral Manifestations of Olfactory Discrimination Deficit in DAT KO

Mice

To determine if DAT KO mice have altered olfactory abilities, we administered a

battery of behavioral olfactory tasks.

Discrimination Experiment One

We first tested olfactory discrimination in two experiments.  The first

examined the ability of the animal to discriminate between a familiar (habituated)

odor and a novel odor.  In the habituation phase of this task, both WT and DAT

KO animals detected the paprika or cinnamon odor, demonstrated by a greater

amount of time investigating these solutions over water only.  Both groups of

animals also demonstrated similar habituation to either the paprika or cinnamon

odor across the first 5 presentations in this task (water: F (4,36) = 11.16, p < .01:

odor: F (4,36) = 22.09, p < .01).  No significant group differences were seen for

either water (F (1,9) = 2.82) or odor (F (1,9) = .52) habituation measures (Figure

3.1A & B).
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A significant group by trial interaction was found in the first

discrimination task comparing investigatory time between the familiar

(habituated) odor and a novel odor (F (1,9) = 37.26).  Further examination

compared each group on response to the habituated odor (trial 5) and response to

the novel odor (trial 6).  A significant increase in time spent investigating the

novel odor was found for the WT group (F (1,8) = 30.205, p < .01).  In contrast,

DAT KO animals showed no significant change in investigatory time when

presented with a novel odor (F (1,10) = .487).  DAT KO animals performed in a

similar fashion to WT animals during the habituation phase, demonstrating that

they are both capable of performing the task and show behavioral interest in novel

odors.  In contrast, when presented with an odor similar to the habituated odor,

DAT KO mice show significant olfactory discrimination impairment (Figure

3.2A).
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Figure 3.1.  Habituation to novel odor.  A.  DAT WT show initial preference for
the novel odor vs. water, but habituate to both odors by the fifth trial.
B.  DAT KO mice show a similar habituation pattern as WT control.
C.  D2 WT show initial preference to the novel odor vs. water, but
habituate to the odorant by the fifth trial.  D.  D2 KO mice habituate
to a novel odor over trials in a similar manner as WT controls (n = 5
per group).
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Figure 3.2. Lack of olfactory discrimination in DAT KO and D2 KO mice.  A.
WT animals showed an increase in investigatory time following
presentation of a novel odor on trial 6 vs. a habituated odor on trial
5.  DAT KO mice did not show increased investigation towards the
novel odor.  B. As seen in DAT KO mice, D2 KO animals displayed
a significant deficit in discrimination upon presentation of a novel
odor following a habituation/dishabituation paradigm.  In contrast,
WT animals showed an increase in investigatory time following
presentation of a novel odor on trial 6 (*p < .05 compared to
habituated odor time; n = 5 per group).
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Discrimination Experiment Two

In this discrimination task, we tested the ability of the animal to

discriminate between a block scented with its own bedding and a block scented

with a novel animal’s bedding.  No group differences between initial contact

times were observed between the WT and KO mice (F (1,8) = .390).  However,

the WT mice spent significantly more time investigating the block scented with

another animal’s odor versus the self-scented block (F (1,8) = 13.425, p < .01).  In

contrast, DAT KO mice did not display a preference for exploration of either

block (F (1,8) = .395).  The lack of preference was not due to decreased

exploration, rather the animals switched back and forth between the two blocks

during the testing trial (Figure 3.3A).

Sensitivity

To determine if the differences in olfactory discrimination seen in

paradigm one were due to altered sensitivity, we looked at olfactory sensitivity

across different concentrations of odorant. Significant odor detection was found in

both the WT (F (1,8) = 12.18, p < .01) and DAT KO (F (1,10) = 6.43, p < .05)

groups at the 100 ng/ml odor concentration.  In contrast, olfactory sensitivity was

lost for both groups at the 10 ng/ml concentration (WT: 10 ng/ml (F (1,8) =
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Figure 3.3.  Lack of between animal discrimination in DAT KO and D2 KO mice.
A. When given a choice between a block scented with another
animal’s bedding and a block with the animal’s own bedding, WT
mice show preferential exploration of the block scented with a
different animal’s bedding.  In contrast, DAT KO mice do not show
preferential exploration of either block.  B. Similar to DAT WT
mice, D2 WT mice prefer to explore the block scented with a
different animal’s bedding, whereas D2 KO animals did not show
preferential exploration of either block (*p < .05 compared to time
spent in contact with self scented block; n = 5 per group).
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1.161); DAT -/-: 1 ng/ml (F (1, 10) = .91).  These tests show no difference in

sensitivity at the concentration used in the first olfactory discrimination task.

Long-term habituation or memory for a single odor

In addition to discrimination and sensitivity, we measured olfactory

memory in the different animals to see if there were any group difference in

olfactory memory performance. Neither a significant group x time interaction (F

(4, 36) = .47), nor a significant group effect was detected (F (1,9) = 3.07) in the

olfactory memory task.  Therefore, no significant differences between DAT KO

mice and WT mice were found on long-term memory ability (Fig 3.4).

DAT KO Mice Do Not Significantly Differ From WT in Other Sensory

Measures

Tactile, taste aversion, and trigeminal nerve responses were also measured

to test for non-olfactory sensory deficits in DAT KO mice (Fig. 3.5A, B & C).

No significant performance differences were seen in tactile (F (1,9) = .69) and

quinine (taste aversion) (F (1,9) = 1.96) reactions between WT and DAT KO

mice.  In addition, both WT and KO mice showed significant decreases in time

spent investigating ammonia compared to water (WT: F (1,8) = 66.25, p < .01:

KO: F (1,10) = 135.75, p < .01), and no significant difference between groups was
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Figure 3.5.  Both DAT KO and D2 KO perform similar to control mice on non-
olfactory sensory tests.  A,D.  Response to tactile stimulation was
similar between both DAT and D2 KO groups compared to WT
controls.  B,C.  Response latency for quinine was similar for both
DAT and D2 KO groups compared to WT controls (*p < .05
compared to control stimulation).  C,F.  Investigatory time for water
vs. ammonia (aversive trigeminal stimulation) was similar between
both DAT and D2 KO animals and WT controls (*p < .05 compared
to time spent investigating water: n = 5 per group).
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seen in response to water (F (1,9) = .69) or ammonia (F (1,9) = .19).  Therefore,

DAT KO do not differ from WT mice in measures of tactile reactivity, trigeminal

nerve response, and taste aversion.

DAT KO Mice Do Not Display Altered Olfactory Bulb Architecture, nor

Neurogenesis.

Nissl -staining of olfactory bulb sections (40 µm) in DAT KO and WT

mice showed the six well-described olfactory bulb layers.  No obvious differences

between WT and DAT KO mice were found in the appearance of these structures

(Figure 3.6 A, B).   In addition to anatomical architecture, we also used BrdU

labeling and immunostaining of migrating neuroblasts to investigate whether

alterations in adult subventricular zone (SVZ)-olfactory bulb neurogenesis were

apparent in DAT KO mice.  BrdU was administered to label proliferating cells

and mice were sacrificed 11 days later, a duration sufficient for labeled SVZ

neuronal precursors to migrate to the olfactory bulb.  No differences in BrdU-

labeled cells in the SVZ, rostral migratory stream, or olfactory bulb were

observed between WT and DAT KO groups (data not shown).  Immunostaining

for doublecortin, a protein expressed by migrating neuroblasts in the SVZ-
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Figure 3.6.  Immunocytochemical analysis of olfactory bulb in DAT KO and WT
mice.  A, B. Nissl staining of coronal sections through the olfactory
bulb of WT (A) and DAT KO (B) mice.  Olfactory bulb structure
was similar between the two groups (glomerular layer is at top).  C,
D. Olfactory bulb TH immunostaining was increased in the
glomerular layer of DAT KO mice (D) compared to WT littermates
(C).  The boxed regions shown at higher magnification in the insets
are single glomeruli.  E, F.  TH immunoreactivity was decreased in
the striatum of DAT KO mice (F) compared to WT animals (E).  G,
H.  D2 receptor immunostaining of coronal olfactory bulb sections.
D2 immunoreactivity was decreased in DAT KO animals (H)
compared to WT littermates (G) in both the glomerular (asterisks)
and olfactory nerve (arrowheads) layers.  Scale bars: A-F (shown in
A), 100 µm; insets in C, D (shown in C), 10 µm; G, H (shown in G),
40 µm.
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Table 3.1.  Summary Table of Olfactory Neurochemistry in DAT Mice (n = 6 per
group).

WT                                     DAT KO

Striatal TH +++ +

Olfactory TH ++ +++

Striatal D2 +++ +

Olfactory D2 ++ +/-
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olfactory bulb pathway (Gleeson et al., 1999), and glial fibrillary acidic protein

(GFAP) was also unchanged (data not shown).  These findings suggest that

persistent neurogenesis in the olfactory bulb is not disrupted in adult DAT KO

mice.

DAT KO Mice Display Increased TH Concentrations and a Down-

Regulation of D2 Receptors in the Olfactory Bulb

To determine whether dopamine regulation was disturbed in the

glomerular layer of the olfactory bulb, we examined tyrosine hydroxylase (TH)

expression in WT and DAT KO mice by immunohistochemistry.  TH

immunostaining within the glomerular layer was substantially increased in DAT

KO mice compared to control animals (Figure 3.6C, D; Table 3.1).  Previous

work has shown down-regulation of TH staining in the striatum of DAT KO mice,

and immunostaining of the striatum in our mice replicated this finding (Figures

3.6E, F), reflecting differential regulation of TH in dopamine systems following

DAT deletion.  In addition to changes in TH staining, we found decreased D2

receptor staining in the olfactory receptor neuron layer and the glomerular layer in

DAT KO mice (Fig. 3.6G, H; Table 3.1).  These findings demonstrate abnormal

dopamine transmission within the olfactory bulb and specifically implicate the

abnormal regulation of the D2 receptor as a cause of olfactory dysfunction in the
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DAT KO mice.  Because D2 was decreased in the DAT KO mice, we next

explored olfactory function in D2 KO mice.
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PARADIGM TWO:  BEHAVIORAL ANALYSIS OF OLFACTORY DEFICIT IN D2

KO MICE

To further explore the role of D2 receptor function in olfactory discrimination, we

next examined whether D2 KO mice exhibit an olfactory deficit similar to DAT

KO mice.

Discrimination Experiment One

As was seen with the DAT mice, both WT and D2 KO animals showed

similar habituation across presentation (water: F (4,32) = 8.59, p < .01: odor: F

(4,32) = 9.31, p < .01) (Figure 3.1C & D).  ,No significant group differences were

found for water (F (1,8) = .07) or odor (F (1,8) = .85) habituation performance,

suggesting a normal ability of D2 KO animals to perform both the motor and

cognitive tasks required for the habituation and discrimination tasks.

In time spent smelling the habituated odor versus time spent in contact

with the novel odor, D2 animals showed a significant group x trial interaction (F

(1,8) = 42.00, p<. 01).  Post-hoc analyses revealed a significant increase in

investigatory time of the novel odor for WT mice (F (1,8) = 156.991, p < .01),

whereas D2 KO mice did not show any change in investigatory time of the novel

odor compared to the habituated odor (F (1,8) = .009).  Again, these data reflect

an olfactory discrimination deficit in the D2 KO mice that is not the result of an
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inability to perform the task or lack of motivation, as observed in the habituation

phase of this task (Figure 3.2B).

Discrimination Experiment Two

Mirroring the DAT WT mice, WT mice derived from the D2 KO colony

spent significantly more time in contact with the block scented with another

animal’s bedding versus the self-scented block (F (1,8) = 15.803, p < .01).  Unlike

to the WT animals, D2 KO mice did not show a preference of exploration for

either odor (F (1,8) = 1.174) (Figure 3.3B).  As was seen with the DAT KO mice,

this lack of preference was not due to a decrease in exploration.  Notably, most

D2 KO mice spent all their time exploring whichever block they contacted first, in

contrast to the WT animals of either colony and DAT KO mice.  As was

mentioned previously, DAT KO mice switched back and forth between blocks.

WT animals of both groups made contact with both blocks and then returned to

the “preferred” block for the majority of the time.  It is possible, given the limited

capacity of this task to allow for habituation that D2 KO mice fail to disengage

from the block initially contacted, similar to animals with 6-hydroxydopamine

induced degeneration of the nigrostriatal DA terminals (Schallert and Hall, 1988).
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Sensitivity

Both WT and D2 KO mice showed significant sensitivity at the 100 ng/ml

concentration of paprika (WT: F (1,8) = 10.298, p<. 02: KO: F (1,8) = 30.699, p <

.01).  As was seen in the DAT animals, sensitivity was lost for both D2 KO (F

(1,8) = .000) and WT (F (1,8) = 3.279) mice at the 10 ng/ml concentration.  It is

important to note that this is a simple test for sensitivity, and it is possible that a

more discriminating measure of sensitivity would be able to more accurately

detect any minor differences in olfactory sensitivity between KO and WT groups

for both DAT and D2 mice.  However, all animals showed similar sensitivity at

the 10-4 concentration, which was the concentration used in the simple

discrimination task.

D2 KO Mice Do Not Significantly Differ From WT Controls in Other

Sensory Measures

No significant differences were found in measures of tactile sensitivity (F

(1,8) = 2.951), initiation of grooming, or jaw dragging in the quinine response (F

(1,8) = 3.429).  In addition, as with both DAT KO and WT mice, both D2

receptor WT and KO mice showed significant decreases in investigatory time

upon presentation of ammonia versus water (WT: F (1,8) = 42.06, p < .01: KO: F

(1,8) = 34.507, p < .01), and no group differences were found in time spent
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investigating the water (F (1,8) = .59), nor time spent investigating the ammonia

(F (1,8) = .022) (Figure 3.5D,E, &F).
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DISCUSSION

The importance of D2 receptor activation in olfactory bulb processing has

been suggested by a number of recent studies.  The experiments described in this

report define the role of the D2 receptor in olfactory discrimination using intact

and behaviorally active animals.  Olfactory receptor neurons (ORN) are

functionally organized so that receptors responding to molecules of similar

structure are positioned in proximity to one another on the receptor sheet.  They

also project axons that synapse in adjacent glomeruli (Mori et al., 1999; Ma and

Shepherd, 2000).  Although ORN show some specificity of response, less-specific

binding does occur at receptor sites with similar molecular structure (Firestein et

al., 1993; Duchamp-Viret et al., 1999).  At the synapse of the ORN onto

mitral/tufted cells and periglomerular interneurons (periglomerular triad),

dopamine is thought to act on D2 receptors.  DA binding at the ORN originates

from the periglomerular interneuron.  DA impacts D2 receptors on the ORN

through volume transmission creating a threshold of inhibition at the ORN level

(Halasz et al., 1977; Halasz et al., 1978; Baker et al., 1983) (Fig. 3.7A).

Once ORN overcome the threshold inhibition, they send excitatory

impulses to both the mitral/tufted output cells of the glomeruli and the

periglomerular (dopamine) interneurons.  In addition, the mitral/tufted cells have

dendrodendritic synapses on the periglomerular interneurons creating a second
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excitatory input for these interneurons (Pinching and Powell, 1971; Shepherd and

Greer, 1998).  Periglomerular interneurons have both interglomerular and

intraglomerular synapses.  Excitation of the periglomerular interneurons results in

co-release of GABA and DA (Missale et al., 1998; Hsia et al., 1999; Vargas and

Lucero, 1999; Berkowicz and Trombley, 2000).  DA binds to the D2 post-

synaptic receptor on mitral/tufted cells both within and between glomeruli and

thereby facilitates GABAergic inhibition of these cells through protein kinase C

activation (Brunig et al., 1999).  Mitral/tufted cells that receive extensive

excitation from activated ORN are not affected by the inhibition of the

periglomerular interneurons, displaying strong output to the preferred odor

stimulus.  On the other hand, neighboring glomeruli that received only weak ORN

stimulation are inhibited through GABA/DA binding (Brunig et al., 1999) (Fig.

3.7A).

Our neurochemical data show a down-regulation of D2 receptors in the

olfactory bulb in DAT KO mice.  We hypothesize that at the ORN/

periglomerular synapse, this down-regulation of D2 receptors leads to a decrease

in modulatory inhibition, resulting in a more generalized response to odorants,

similar to what is seen following olfactory stimulation after a prolonged period of

olfactory deprivation and D2 antagonist application (Royet et al., 1989; Wilson

and Sullivan, 1995; Jin et al., 1996; Johnson et al., 1996; Philpot et al., 1997).
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Indeed, previous work has found that drastic changes in bulb input result in

alterations in the DA system, but no detectable plasticity in the GABAergic

system, further emphasizing the vital role of DA in facilitating the inhibitory

response at the glomerular layer (Stone et al., 1991).  Because the neurons with

non-specific binding are less inhibited because of the decrease in terminal D2

receptor activation, a more non-descript firing of ORN into several glomeruli

would be expected.  This increase in ORN firing would lead to increased

mitral/tufted responses and increased periglomerular responses.

We suggest that this periglomerular stimulation results in increased firing

of the interneurons, as well as increased DA synthesis and further down-

regulation of D2 receptors.  In support of this hypothesis, loss of tyrosine

hydroxylase immunoreactivity during odor deprivation leads to an up-regulation

of D2 receptors (Guthrie et al., 1991). Though GABA and DA are being

transmitted to mitral/tufted cells, these cells would be expected to be non-

responsive to the inhibitory input of these cells for two reasons.  One, as stated

previously an increased firing of the ORN causes increased excitation across

glomeruli, thus a greater inhibition would be required to overcome the excitation.

Two, a down-regulation of D2 receptors not only on ORN, but also on

mitral/tufted cells results in a decrease in GABAergic inhibition.  Indeed,

different odorants lead to unique glomeruli activation patterns, as visualized
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through 2DG staining (Stewart et al., 1979).  The neurochemical alterations

described in the DAT KO may result in alterations in the fine-tuning of this

glomerular pattern, with more generalized activation of glomeruli within odorant

classes (Figure 3.7B).

In addition to decreased D2 expression, we found increased TH

immunoreactivity in the olfactory bulb of DAT KO mice.  There are four factors

thought to control TH activity in the dopaminergic periglomerular interneuron:

the dopamine transporter, the D2 autoreceptor, input from the ORN and input

from the mitral/tufted cells.  The increase in olfactory bulb TH expression in DAT

KO mice may be derived from multiple effects of DAT deletion.  Absence of

DAT prevents recycling of DA, impairs D2 autoreceptor function resulting in a

lack of feedback inhibition of dopamine synthesis, and increases demand on the

periglomerular cell due to increased excitation of ORN and mitral/tufted cells.

Although TH immunoreactivity was increased in the olfactory bulb of DAT KO

mice, we found decreased TH expression in the striatum, as has been described

previously (Jones et al., 1998).  This disparity suggests that DA-containing

neurons in local circuits of the olfactory bulb have a differential feedback

regulation of TH than in long-distance dopaminergic projection neurons in the

striatum.
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D2 KO mice lack all D2 receptor function. Thus in D2 KO mice, there is

no D2 modulatory inhibition at the ORN, no D2 facilitation at the GABAergic

binding site on the mitral/tufted cells, and no D2 feedback on the periglomerular

interneurons to decrease DA production.  These deficits would be expected to

lead to a complete lack of specificity in discrimination between odorants with

similar glomerular activation patterns, as we propose for DAT KO mice (Figure

3.7C).

The alterations in olfactory bulb processing suggested from our

neurochemical findings are strongly supported by our behavioral observations of

both DAT KO and D2 KO mice.  We have demonstrated a discrete and specific

olfactory discrimination deficit in both DAT KO and D2 KO mice.  We assessed

the ability of the animals to discriminate in two paradigms.  First, animals were

made to discriminate between paprika and cinnamon, using a

habituation/dishabituation paradigm.  In this test, WT animals readily

discriminated between paprika and cinnamon, while both DAT and D2 KO mice

showed a lack of discriminatory ability.  This group difference was not a factor of

differential habituation or detection capability, as all groups showed similar

habituation patterns and detection thresholds.  In the second discrimination

paradigm, animals were introduced to two blocks, one scented with their own

bedding and one scented with another animal’s bedding.  Both groups of WT
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animals showed preferential exploration of the unfamiliar block, while DAT and

D2 KO mice showed no preference for exploration of either block.  Neither DAT

KO nor D2 KO mice displayed an ability to discriminate between different

animal’s odors.  These behavioral data support a much reduced or lack of ability

for DAT and D2 KO mice to make functional discriminations.  It should be noted

that both groups of KO animals performed similarly to WT controls in

discrimination between water and paprika or cinnamon.  These findings are

consistent with our hypothesis that both DAT and D2 KO mice are lacking

functional discrimination.  The organization and molecular structure of olfactory

receptors does not necessitate fine-tuning between glomeruli to discriminate

between vastly different stimuli, such as paprika and water (Kajiya et al., 2001).

We suggest that it is fine-tuning of structurally similar odors, such as animal

bedding from different animals, that requires the dopamine interaction at the D2

receptors within the periglomerular triad.  As our neurochemical data reinforce,

the balance between excitatory input from primary receptor neurons and

inhibitory input from periglomerular interneurons may be lost in animals lacking

DAT expression.

Interestingly, many of the olfactory tests used in our study were adapted

from Gheusi et. al (2000), who defined the parameters of the olfactory deficit in

neural cell adhesion molecule (NCAM) KO mice.  Physiologically, NCAM KO
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Figure 3.7.  Schematic of olfactory receptor neuron/ glomeruli interactions.  A.  In
WT animals, odor molecules preferentially bind to ORN’s of a
specific molecular structure, in addition to non-specific binding at
ORN’s with similar molecular design.  Volume transmitted
dopamine from the periglomerular cell creates an inhibitory
threshold at the ORN’s through D2 receptors.  Excitation of the
ORN complex leads to excitation of both mitral/tufted (M/T)
neurons and periglomerular (PG) interneurons.  The summation of
excitation from ORN’s and M/T cells and inhibition from PG
interneurons results in either glomerular firing or inactivity, and
ultimately odor discrimination within the olfactory bulb.  B.
Deletion of DAT results in decreased D2 receptor levels and a
subsequent decline in inhibitory control of ORN firing, as well as
decreased lateral inhibition between glomeruli.  This decrease in
inhibition leads an increased response to non-specific ORN binding
and a lack of odor discrimination.  C.  D2 KO animals lack all
dopamine inhibitory influence on ORN’s and M/T cells due to the
deletion of D2, subsequently leading to a lack of odor discrimination
similar to DAT KO mice.
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mice show a deficit in the migration of the SVZ precursor cells to the olfactory

bulb resulting in a 40% reduction in GABA interneurons in the granule cell layer.

NCAM KO mice show impairment in the discrimination between paprika and

cinnamon, while no difference was found between NCAM KO and WT animals

on measures of olfactory sensitivity and memory.  The similarities between the

olfactory performance of the NCAM KO mice and the DAT and D2 KO mice

seem undeniable (Cremer et al., 1994; Gheusi et al., 2000).  Because NCAM KO

mice have impaired migration of SVZ neuronal precursors to the olfactory bulb,

we examined whether olfactory bulb neurogenesis is impaired in adult DAT KO

mice.  We found no difference in BrdU labeled cells or migrating neuroblasts in

the SVZ-olfactory bulb pathway of DAT KO mice compared to littermates,

suggesting that the olfactory deficits in these mice are not due to impaired

neurogenesis.  The shared critical factor in the altered olfactory discrimination

ability of the DAT and D2 KO mice appears to be a loss of D2 autoreceptor

function in the olfactory bulb.

These findings do not exclude an important role for granule cell layer

GABAergic modulation in olfactory discrimination given the organization of the

olfactory bulb.  However, it is also conceivable that D2 receptor dysfunction is

responsible for the behavioral changes seen in NCAM KO mice as the NCAM

gene and the D2 dopamine receptor gene are located adjacent to each other on
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chromosome 9 in the mouse, and also on chromosome 11q in the human

(Charmley et al., 1991; Eubanks et al., 1992).  Thus, deletion of the NCAM gene

may have resulted in altered D2 activity from alternative splicing of the D2

receptor gene, similar to what is seen in MAO activity following DNA micro-

deletions in the adjacent Norrie gene (Chen et al., 1995; Vossler et al., 1996).  In

addition, mice lacking the ATM gene, the gene mutated in the disorder ataxia

telangiectasia, display deficits in neurogenesis similar to NCAM KO mice (Allen

et al., 2001; McKinnon, 2001).  However, we have found that ATM KO mice

behave similarly to control animals in both olfactory discrimination tests and

sensory controls (Tillerson, Wong & Miller, unpublished observations).

In addition to the loss of D2 receptor function, deletion of the dopamine

transporter gene results in mice with persistent hyperdopaminergic tone and

numerous compensatory changes both pre- and post-synaptically.  Many disorders

with hyperdopaminergic tone and possible D2 receptor gene alterations, such as

attention deficit hyperactivity disorder (ADHD), obsessive-compulsive disorder,

and some forms of schizophrenia, show olfactory dysfunction (Blum et al., 1995;

Comings et al., 1996; Arinami et al., 1997; Faraone and Biederman, 1998;

Gansler et al., 1998; Jones and Peroutka, 1998; Serretti et al., 1998; Barnett et al.,

1999; Inada et al., 1999; Jonsson et al., 1999).  The deficit in schizophrenia

includes decreased discrimination, increased threshold/decreased sensitivity,
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decreased memory and impaired olfactory identification (Moberg et al., 1999).

Neurotransmitter deregulation and/or the pharmacological treatments associated

with both ADHD patients and schizophrenics could result in decreased D2

autoreceptor function (Jones et al., 1999a).  As we have demonstrated, decreased

D2 autoreceptor function within the olfactory bulb result in olfactory

discrimination deficits similar to those described in ADHD and schizophrenia.

In addition to the aforementioned disorders, patients with Parkinson’s

disease exhibit olfactory deficits years before diagnosis of the disorder (Berendse

et al., 2001) (Doty et al., 1995; Berendse et al., 2001).  Sandyk (1999) recently

reported several case studies in which these characteristic olfactory deficits were

significantly improved in PD patients following an intervention of pulsed

electromagnetic fields.  This treatment was only found to be therapeutic when it

coincided with behavioral activities known to involve D2 receptor activation.

Indeed, D2 KO mice have been proposed to be an animal model of Parkinson’s

disease, displaying several hallmark characteristics of the disorder (Baik et al.,

1995).  Appreciation of the behavioral manifestations of altered DA transmission

in the olfactory bulb should aid in the early diagnosis of PD and several other

neurological disorders characterized by early olfactory dysfunction. Through both

molecular and behavioral means, we have demonstrated the functional

significance of the D2 receptor in olfactory discrimination, providing clear



155

evidence to support the previously hypothesized functional role of D2 in

olfaction.
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EXPERIMENTAL PROCEDURES

Animals

DAT (-/-) male mice (6-7 mo.) were obtained through genetic

manipulation (see Giros et al.,  1996) (DAT KO = 5; DAT WT = 5).  Briefly,

animals were generated by crossing DAT heterozygote mice for seven to nine

generations over approximately two years.  Mice were engineered on a mixed

C57/129SvJ background.  D2 (-/-) male mice were obtained through genetic

manipulation (see Kelly et al., 1997).  Heterozygous D2 KO mice (derived from

an N6 near congenic line in C57BL/6j background) were bred to generate D2 KO

and their WT littermates (D2 KO = 5; D2 WT = 5).  Mice were individually

housed in clear plastic cages, maintained on a 12:12 light/dark cycle, and given

food and water ad libitum.

Behavioral Tests

Olfactory Discrimination

Experiment One:  A glass plate was placed in the animal’s home cage.  Odors

were presented in 25 µl aliquot solutions consisting of paprika, cinnamon or

sterilized water alone (see Gheusi et al., 2000).  Solution concentrations were 100
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(ng/ml), and were freshly prepared before each experiment.  In a habituation-

dishabituation paradigm, each mouse was presented with the first odor (either

paprika or cinnamon) on one side of the plate and water (control) on the other side

for five successive 3-min trials, separated by 15-minute inter-trial intervals.  The

time spent investigating both the water and scented solution was recorded.

Habituation response was measured on the first 5 trials by examining

investigation time across trials.  On the sixth trial, the mouse was presented with

the alternative odor (cinnamon or paprika) for 3 min along with the water control.

Discrimination was defined as the relation between time spent sniffing the

familiar odor (fifth trial) and time spent sniffing the novel odor on the sixth trial.

Sniffing was defined as the animal’s nose located 1 cm or less from the odor.

Experiment Two:  Blocks were made of wood and measure 3/4 inch on each side.

Blocks were placed individually in 50 ml conical tubes with 1 g of animal

bedding from test animals’ cages for 12 hours. The animal was presented with a

block scented with its own bedding and a block scented with another mouse’s

bedding (of the same sex). The time spent in contact with each block was

recorded for a 2-minute trial.
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Sensitivity

Olfactory sensitivity was assessed by comparing the time spent sniffing a

paprika solution vs. time spent sniffing a water-only solution.  The two variables

were presented in the same fashion as described in discrimination experiment one.

Three different concentrations of paprika were used (100, 10, and 1 ng/ml) in a

step-down fashion, on separate sessions.  Lack of detection was defined by equal

investigation between odor solution and water control (50%).  Sessions were

separated by at least 2 days for DAT mice and 4 hours for D2 mice.  Differences

in inter-session intervals were a result of time restrictions on D2 mouse testing.

Long-term habituation or memory for a single odor

Olfactory memory was tested by exposing mice twice to the same odor,

with varied intervals between odor presentation (20, 40, 60, 80, or 100 minutes).

Intervals were examined in separated sessions at least 2 days apart, and the order

of inter-trial intervals across sessions was random, as were odors (paprika or

cinnamon: 100 ng/ml).  Animals were said to remember/recognize when a

significant decrease in investigatory time of the presented odor on the second

presentation was observed.
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Non-olfactory sensory tests

To assess non-olfactory sensory function in DAT -/- mice, we examined the

responses of these animals in several sensory tests.

1.  Responsiveness to tactile stimulation was measured as a latency to

remove a 113.1 mm2 (1.3 cm in diameter) adhesive dot (Avery Office

International) was recorded. Animals were removed from their home cage, and

the dot placed between the ears, on top of the head.  Animals were then put back

into their home cage, lid returned, and cage returned to its normal position on the

rack to reduce external distractions.  Latencies to contact/remove dots were

recorded.  Recording was stopped at 2 minutes.

2.  Quinine is often used in taste avoidance/rejection paradigms, due to its

highly unpalatable nature.  In this test, the aversive reaction to quinine was

assessed.  The tip of a cotton swab was placed into an alloquat of 2 mg of quinine.

Animals were removed from their home cage, and the tip of the cotton swab was

inserted into their mouths.  They were then placed back in their home cage, lids

replaced, and put into their normal resting position.  Latency to groom and/or drag

the jaw along the ground was recorded.  To control for the stimulation of the

cotton swab alone, animals were exposed to a clean cotton swab in the same

fashion as presented above, and latency to groom and/or drag the jaw was
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recorded.  Presentation of clean vs. quinine stimuli was counterbalanced between

animals.  The cut-off time for response in this test was 60 seconds.

3.  The trigeminal nerve innervates areas of the olfactory bulb and is

responsible for odor sensations, such as burning.  In this test, we assessed the

function of the trigeminal nerve by exposing the mice to either ammonia, known

to exert a trigeminal response, or water.  A glass plate was placed in the animal

cage.  25 µl of water or ammonia (counterbalanced between animals) was placed

in the center of the plate.  Time sniffing (as defined above) was recorded for a 2-

minute session.

BrdU Labeling, Tissue Processing and Histochemistry

Adult DAT -/- and DAT +/+ mice (n  = 6 per group) received 2

intraperitoneal injections of BrdU (50 mg/kg) in phosphate-buffered saline (PBS)

and 11 d later were perfused with 4% paraformaldehyde.  Brains were removed,

cryoprotected in 25% sucrose in PBS and then frozen in powdered dry ice.  Forty

µm, coronal sections through the rostral SVZ (extending rostrally from Paxinos

and Watson coordinates Bregma + 0.2 mm), rostral migratory stream and

olfactory bulb were cut with a sliding microtome and every 6th section was used

for Nissl or immunohistochemical stains.  Diaminobenzidine peroxidase

immunohistochemistry was performed on free-floating sections as described

previously (Parent et al., 1997) using antibodies to BrdU (1:1000 dilution; mouse
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monoclonal; Boehringer Mannheim, Indianapolis, IN), doublecortin (1:5000;

rabbit polyclonal; a gift of Chris Walsh, Harvard University, Boston, MA), GFAP

(1:500; rabbit polyclonal; Sigma), TH (1:500; rabbit polyclonal; Chemicon,

Temecula, CA), and D2 receptor (1:200; rabbit polyclonal; a gift of Allan Levey,

Emory University, Atlanta, GA).  The only modification was incubation of

sections in D2 receptor antibody for 24 h at room temperature instead of

overnight at 4°C.  For Nissl staining, sections were mounted on slides

(Superfrost-plus, Fisher Scientific, Pittsburgh, PA), dehydrated and rehydrated in

graded ethanols and xylenes, incubated in 1% cresyl violet (Sigma, St. Louis,

MO) for 30 sec, decolorized in acetic acid, and then dehydrated and coverslipped

with Permount (Fisher Scientific).

Data Analysis

Statistical analyses were run using SPSS Software.  Discrimination

experiment one was analyzed using repeated-measures ANOVA (group X odor).

Post-hoc analyses examined each group response to the control (trial 5) and

discriminative odor (trial 6).  In addition, habituation to the odor for trials 1-5 was

analyzed using one-way ANOVAs (odor/water X presentation) for each group.  In

discrimination experiment two, individual one-way ANOVAS per group were

used to analyze the time spent investigating each block for the two paradigms.
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Similarly, each group was separately analyzed for odor sensitivity.  One-way

ANOVAS comparing time spent investigating the odor vs. time spent

investigating water were run for each concentration.   Finally, a repeated measures

ANOVA (group X inter-trial interval) was conducted in the long term habituation/

memory task.

Tactile and quinine sensitivity were analyzed with a one-way ANOVA for

group.  Comparisons between water control and ammonia were tested using a

one-way ANOVA for both wild type and knockout animals.  In addition the

responses of each group to water control and ammonia were compared.  When

applicable, post-hoc analyses were run with a Bonferroni correction.  Levels of

significance were set at 0.05.  Immunostained sections were examined by light

microscopy and analyzed by a blinded observer.  The intensity of olfactory bulb

and striatal TH and D2 receptor immunostaining in DAT KO and WT mice was

scored as minimal (+/-), mild (+), moderate (++), or strong (+++) under 200X

magnification (see Table 3.1).
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Exercise induces behavioral recovery and attenuates

neurochemical deficits in rats with unilateral parkinsonism4

ABSTRACT:

Though the benefits of exercise on the motor function and emotional well being

of Parkinson’s (PD) patients are accepted, exercise as a direct intervention to PD

has received little attention. Using the well-characterized 6-hydroxydopamine (6-

OHDA) unilateral rat model of PD, we explored the effects of moderate treadmill

running on nigrostriatal insult.  A unilateral 6-OHDA infusion into the medial

forebrain bundle resulted in permanent behavioral and neurochemical loss.  In

contrast, when lesioned animals were forced to run 2 times a day for the first 10

days post-lesion they displayed no behavioral deficits across testing days and had

a marked sparing of striatal dopamine, its metabolites, tyrosine hydroxylase (TH),

vesicular monoamine transporter (VMAT2), and dopamine transporter (DAT)

levels.  These results demonstrate the beneficial and possible neuroprotective

effects of early exercise therapy in the treatment of PD.

                                                  
4 Jennifer L. Tillerson, W. Michael Caudle, Maria E. Reveron & Gary W. Miller, submitted.
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INTRODUCTION:

Parkinson’s disease (PD) is a progressive neurodegenerative disorder

characterized by resting tremor, muscular rigidity, postural abnormalities, and

bradykinesia and affects approximately 1 million people in the United States.

Postmortem examination of PD brains reveals several neurochemical and

histological abnormalities, most notably the degeneration of dopamine (DA)

containing neurons of the nigrostriatal system (Hornykiewicz and Kish, 1986).

Given the limitations of current pharmacological and surgical treatments it is

highly desirable to establish adjunctive treatments to current interventions for PD

patients.  In addition, identification of preventative strategies against the disease

would result in significant relief from the growing financial and emotion cost of

PD.

Case studies on the effects of physical therapy in PD patients have shown

improved motor function and increased life span following exercise (Bilowit,

1956; Knott, 1957; Franklyn et al., 1981; Szekely et al., 1982), but the

implications of a regimen of physical therapy initiated soon after diagnosis is not

known. We have previously demonstrated that rats forced to completely rely on

the impaired forelimb (by applying a plaster cast to the unimpaired limb) for the

first 7 days post-6-OHDA infusion displayed behavioral and neurochemical

sparing (Tillerson et al., 2001).  A limitation of these findings is the method used
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to increase physical activity is not one that could be employed in bilateral models

of PD or by PD patients.  Here we demonstrate that moderate treadmill running

initiated soon after insult in rats unilaterally depleted of DA leads to an

attenuation of neurochemical loss and a sparing of behavioral impairment.
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METHODS AND MATERIALS:

Animals

Fifty-nine male Fisher 344 rats weighing approximately 300 grams

(Harlan Sprague-Dawley, Indianapolis, Indiana) were used in this study.  Animals

were housed in groups of 3 in clear Plexiglas cages containing sawdust,

maintained on a 12 hr light/dark cycle, and given food and water ad libitum.

Animals were randomly assigned to 1 of 8 groups (4 treatment groups sacrificed

on either d 12 or d 30 post-lesion): lesion sedentary (sacrifice d 12; n = 7)

(sacrifice d 30; n = 8), lesion run (sacrifice d 12; n=7) (sacrifice d30; n = 8),

sham sedentary (sacrifice d 12; n = 6) (sacrifice d 30; n = 9), and sham run

(sacrifice d 12; n = 7) (sacrifice d 30: n = 8).  At least 1 animal from each cage

was randomly selected to run.    In addition, animals were weighed prior to

sacrifice and no changes in body weight were seen between treatment groups.  All

procedures were approved by the Institutional Animal Care and Use Committee

of the University of Texas, Austin in accordance with NIH Principles of

Laboratory Animal Care Guidelines.
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Surgical Procedures

Animals were anesthetized with equithesin (25 mg/kg pentobarbital

(P3761, Sigma, St. Louis, MO) and 150 mg/kg chloral hydrate ((C8383, Sigma),

0.35 cc/100 gm, i.p.) followed by atropine sulfate  (0.1 mg/kg i.p.) (A0257,

Sigma) to facilitate respiration prior to being placed in the stereotaxic apparatus.

Animals also received desipramine HCl  (15 mg/kg, i.p.) (D3900, Sigma), a

norepinephrine re-uptake inhibitor, 30 min prior to the infusion of 6-

hydroxydopamine hydrobromide. 6-OHDA hydrobromide (10 µg/ 4µL; measured

as weight of salt) (H8523, Sigma), a selective neurotoxin for catecholamine

neurons, was infused unilaterally (0.5 µl/min) into the medial forebrain bundle

(3.3 mm posterior and 1.8 mm to bregma, and 8.1 mm ventral to dura). Control-

operated animals received all standard stereotaxic surgical procedures up to, but

not including, lowering of the infusion cannula. After surgery, all animals were

placed in an incubator to minimize hypothermia.  Only animals displaying

characteristic limb-use asymmetry following surgery were included in this study.

Treadmill Running

All animals were introduced to a straight treadmill 1 day prior to surgery

at a speed of 15 meters per minute for 10 minutes.  Between 2 and 4 hours post-

surgery, animals were tested for limb-use asymmetry and those randomly
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assigned to run were reintroduced to the treadmill.  Beginning on the day of

lesioning and up to day 9 post-lesion, animals were run 2 times a day for 15

minutes, at a speed of 15 meters per minute, for a total of 450 meters per day.

Each running session was separated by 3 hours.  During running, when a rat failed

to keep up with the treadmill speed, it contacted a grid located behind the belt,

and a weak current was passed through the grid for a maximum of 2 seconds until

the animal began to run.  The majority of animals did not contact the grid after the

initial training sessions, and no differences between groups was observed in grid

contacts post-surgery (data not shown).  To control for the stress of being placed

in the treadmill, occasional contact with mild shock, the hum of the motor, and

any other stimulus related to the treadmill, select animals from both sedentary

groups (lesion and sham) were exposed to the treadmill.  All conditions were the

same as the run animals (time course, exposure time etc), with the exception that

these groups did not have the motorized belt activated.  No differences between

the control animals exposed to the treadmill and control animals not exposed to

the treadmill were detected in any of the measures (data not shown).   Running

and behavior testing was performed during the dark cycle.
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Behavioral Testing

Limb-Use Asymmetry

Forelimb use during explorative activity was analyzed by videotaping rats

in a transparent cylinder (20 cm diameter and 30 cm height) for 5 minutes prior to

lesioning, on the day of lesioning, and days 1, 3, 5, 7, 9, 11, 14, 21 and 28 post-

lesion (for more complete description see (Schallert and Tillerson, 2000; Tillerson

et al., 2001).   In addition, animals sacrificed on d 12 were tested for limb-use

asymmetry up to day 11 post-lesion.  Wall exploration and landing scores were

determined separately and each were expressed in terms of (a) percent use of the

non-impaired forelimb relative to the total number of limb use movements, (b) the

percent use of the impaired forelimb relative to the total number of limb use

movements, and (c) the percent co-use of both limbs (simultaneous or alternating)

relative to the total number of limb use movements.  The percent use of the

impaired forelimb was then subtracted from the percent use of the non-impaired

forelimb for exploration and landing.  These 2 scores (wall and landing) were

averaged together for a single limb-use asymmetry score that corrected for inter-

animal variability in the number of wall vs. landing movements.
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Vibrissae-Elicited Forelimb Placing

A vibrissae-elicited forelimb-placing test was used to test reaction to

sensory stimuli.  Animals were held by their torsos allowing forelimbs to hang

free. Independent testing of each forelimb was induced by gently brushing the

respective vibrissae on the edge of a tabletop once per trial for 10 trials. Intact

animals place the forelimb of both sides quickly onto the countertop. Rats with

unilateral 6-OHDA treatment show varying degrees of impaired limb placing

ability, while still placing the unimpaired limb reliably. Percentage of

unsuccessful placing responses was determined ((number placed contralaterally

divided by the number placed ipsilaterally) x 10).  If an animal struggled during

testing, the data were not included in the overall analysis.   Only long-term

animals (sacrificed on d 30) were tested for forelimb placing.

Test for Forelimb Akinesia

Movement initiation for each limb was assessed using the forelimb

akinesia test (previously described in (Schallert et al., 1992; Lindner et al., 1997;

Schallert and Tillerson, 2000; Tillerson et al., 2001)). The hindquarters of the

animals were suspended while the animal supported its weight on only one

forelimb. The animal was allowed to initiate stepping movements in a 10 sec

period for one forelimb and then the other in a balanced order.  Stepping measures
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for both limbs were recorded and an ipsilateral asymmetry score was derived

((ipsilateral steps/ipsilateral plus contralateral steps) – contralateral

steps/ipsilateral plus contralateral steps).  Only long-term animals (sacrificed on d

30) were tested for forelimb akinesia.

Neurochemical Analyses

Animals were anesthetized with carbon dioxide and decapitated either 12

d or 30 d post-lesion to permit neurochemical analyses. Two groups of

measurements were made to assess the degree of terminal loss. First, DA and its

metabolites were measured by high performance liquid chromatography. Second,

several proteins characteristic of DA terminals were measured by western

blotting, including the dopamine transporter (DAT), vesicular monoamine

transporter (VMAT2) and tyrosine hydroxylase (TH), the rate-limiting enzyme in

DA biosynthesis.

High Performance Liquid Chromatography

A 1-mm section of the striatum (+1mm to bregma) was dissected for both

the ipsilateral and contralateral hemispheres. Dissected left striata were sonicated

in 0.1 M perchloric acid containing 347 µM sodium bisulphite and 134 µM
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EDTA disodium salt. Homogenates were centrifuged at 16,000 x g for 20 minutes

at 4° C and the supernatant removed. The supernatants were centrifuged at 16,000

x g and the supernatants analyzed for levels of DA, 3,4-dihydroxiphenylacetic

acid (DOPAC), and homovanillic acid (HVA) by HPLC (Column, HR-80, 4.6

mm x 8 cm, 4-channel coulometric electrode array (Model 5600, ESA Inc,

Chelmsford, MA) with sensitivity to femtomole levels).  The mobile phase

consisted of 16 mM citric acid monohydrate, 32 mM ammonium acetate, 215 µM

EDTA disodium salt, 850 µM 1-octanesulfonic acid sodium salt monohydrate

(final pH 2.5) and 5% methanol (delivered at a constant flow rate of 1 ml/min).

Quantification was made by reference to calibration curves made with

monoamine standards (dopamine hydrochloride (H8502, Sigma), DOPAC

(D9128, Sigma) and HVA (H1252, Sigma)).

Western Blot Analysis

Dopamine transporter (DAT), the vesicular monoamine transporter

(VMAT2) and tyrosine hydroxylase (TH) protein were measured to provide

additional indices of striatal DA terminal integrity.  Briefly, a 1-mm section of the

striatum (at the level of bregma) was dissected from both the ipsilateral and

contralateral hemispheres. Samples were homogenized in buffer (320 mM sucrose

and 5mM HEPES containing protease inhibitor cocktail). Homogenized samples
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were centrifuged at 2,000 x g for 5 min, and supernatant centrifuged at 30,000 x g

for 30 min. The final pellet was resuspended in homogenization buffer and

subjected to polyacrylamide gel electrophoresis (NuPage, 10% Invitrogen).

Samples were electrophoretically transferred to a polyvinylidene difluoride

(PVDF) membrane, and non-specific sites blocked in 7.5% nonfat dry milk in

Tris-buffered saline (135 mM NaCl, 2.5 mM KCl, 50 mM Tris, and 0.1% Tween-

20, pH 7.4). Membranes were then incubated in a polyclonal antibody to the C-

terminus of VMAT2 (pAb VMAT2-Ct; AB1767, Chemicon, Temecula, CA) in

Tris-buffered saline with 2% nonfat dry milk. VMAT2 antibody binding was

detected using a goat anti-rabbit horseradish peroxidase secondary antibody (170-

6515, Bio-Rad, Hercules, CA) and enhanced chemiluminescence (CG50450,

Pierce, Rockford, IL). The chemiluminescent signal was captured on an Alpha

Innotech ChemiImager (San Leandro, CA) and stored as a digital image.

Densitometric analysis was performed and calibrated to co-blotted dilutional

standards of control striata and exposures performed within the linear range.

Control striata for the standards were pooled from all non-casted sham animals.

Membranes were then stripped for 20 min at 80°C (8 M urea, 100 mM 2-

mercaptoethanol, and 62.5 mM Tris, pH 6.8) and re-probed with a monoclonal

antibody to the N-terminus of DAT (rat anti-dopamine transporter antibody

((Miller et al., 1997) (MAB369, Chemicon) (goat anti-rat secondary (56400, ICN,
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Costa Mesa, CA)), a polyclonal TH antibody (rabbit anti-tyrosine hydroxylase

(AB152, Chemicon)), and alpha-tubulin (T9026, Sigma) goat anti-mouse

secondary (170-6516, Bio-Rad).

Statistical Analysis

Behavioral observations were first subjected to an overall, repeated

measures ANOVA.  Dunnett’s post-hoc analysis compared each lesion group to

the collective sham group at each testing day.  In addition, when a significant

Group X Day interaction was observed, group effects at each individual testing

day were analyzed.  Neurochemical measures were assessed by applying a one-

way ANOVA for group effect.  Bonferroni post-hoc comparisons of

neurochemical data compared each treatment group.    DAT:VMAT2 were first

subjected to a one-way ANOVA, and post-hoc comparisons between lesion

groups and between sham groups were performed.  All post-hoc measures were

error corrected to keep the overall error rate per group at 0.05.  Statistical analyses

were performed using SPSS 10.0 software.
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RESULTS:

Forced Treadmill Running Results in Behavioral Recovery

Limb-Use Asymmetry

No statistical difference between sham groups was detected in limb-use

asymmetry scores (F (1,14) = 1.587).  Forced treadmill running for the first 10

days post-lesion resulted in a time-dependent recovery from 6-OHDA induced

limb-use asymmetry that persisted up to the final day of testing (Figure 4.1).

Two-way ANOVA resulted in significant Day (F (10,290) = 28.252, p < .001),

Group (F (2,29) = 75.845, p < .001) and Group X Day interaction (F (20, 290) =

9.696, p < .001).  Post-hoc analysis demonstrated no significant group difference

prior to lesioning (p = .772).  Following lesioning, but prior to running, both

lesion only (p < .001) and lesion run (p < .001) groups displayed significant limb-

use asymmetry compared to sham controls.  This behavioral impairment was lost

by day 1 post-lesion in animals forced to run, whereas lesion sedentary animals

had persistent behavioral impairments across testing days.  Animals sacrificed on

d 12 post-lesion showed similar behavior in limb-use asymmetry (significant

group by day interaction (F (14, 168) = 12.720, p < .001), significant asymmetry

prior to running in both lesion only (p < .001) and lesion run (p < .001) animals,
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and persistent limb use deficits across testing days for lesion only, whereas limb

use asymmetry was lost by d 1 post-lesion for lesion run animals).
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Figure 4.1.  Transient running results in long-term recovery from lesion-induced
limb-use asymmetry.  A unilateral, 10-µg infusions of 6-OHDA
result in significant limb-use asymmetry across testing days.  Forced
running for the first 10 days following lesioning results in long-term
recovery from lesion-induced asymmetry (*p<. 01 compared to sham
controls: saline n = 17, lesion n = 8, lesion run n = 8).

 *
 *      *             *
                 *
                                *     *      *      *      *    *
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Test for Forelimb Akinesia

No statistical difference was found between sham animals (F (1, 15) = .205)

therefore these groups were combined for overall analysis of forelimb akinesia.

Forced running resulted in complete recovery from forelimb akinesia (Figure 4.2).

Overall Day (F (10, 300) = 5.421, p < .001), Group (F (2, 30) = 73.096, p < .001),

and Group X Day interaction (F ( 20, 300) = 5.130, p < .001) were found.  Post-

hoc analysis showed that unilateral lesioning of the MFB resulted in significant

forelimb akinesia in both lesion (p < .001) and lesion run (p < .001) animals prior

to the initiation of running.  As was seen in limb-use asymmetry, forelimb

akinesia was lost in lesioned animals following 1 day of running (p = .689),

whereas lesion only animals displayed significant akinesia across testing days.

Forelimb Placing

Forced running resulted in recovery from forelimb placing deficits (Figure 4.3).

No differences in sham groups were detected (F (1,15) = 0.000), therefore these

groups were combined for further analyses.  Overall Day (F (10,300) = 20.285, p

< .001), Group (F ( 2,30) = 71.618, p < .001), and Group X Day interactions (F

(20, 300) = 10.446, p < .001) were found in forelimb placing scores.  Both lesion

groups displayed significant placing deficits prior to the implementation of
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Figure 4.2.  Transient running results in long-term recovery from lesion-induced
forelimb akinesia.  Unilateral 6-OHDA lesions result in long-term
forelimb akinesia.  Animals forced to run following lesioning
displayed long-term recovery (*p<. 01 compared to sham controls:
saline n = 17, lesion n = 8, lesion run n = 8).
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Figure 4.3.  Transient running results in long-term recovery from lesion-induced
placing asymmetries.  Persistent placing deficits were found in lesion
only animals, whereas transient running resulted in long-term
recovery in lesion/run animals (*p<. 01 compared to sham controls:
saline n = 17, lesion n = 8, lesion run n = 8).
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running (p < .001) compared to sham controls.  These deficits were still present in

both groups on d 1 post –lesion (lesion only (p < .001); lesion run (p < .02).

However, on d 3 post-lesion, lesion animals forced to run no longer displayed

characteristic placing deficits (p = .721), and this recovery persisted across testing

days.

Normalization of the Nigrostriatal Dopamine System Following Running

HPLC

As with behavioral measures, no significant difference in percent

remaining of DA, DOPAC and HVA were found between sham groups, therefore

these groups were combined for further analysis.  Overall group differences were

found in percent remaining measures of DA and its metabolites at d 12 post-lesion

(DA: F (2,23) = 14.280, p < .001; DOPAC: F (2,23)= 12.880, p <.0001; HVA

F(2,23) = 6.208, p<.01) (Table 4.1; Figure 4.4A).  Sedentary lesion animals suffer

from marked loses of DA, DOPAC, and HVA content in the lesioned hemisphere

(lesion vs. sham (p < .01) lesion vs. lesion/run ( p < .01).  Forced running after 6-

OHDA insult resulted in a significant sparing of DA, DOPAC, and HVA levels at

this early time point.  No differences in DOPAC/DA ratios, of the intact

hemisphere, between treatment groups were found (F (3,23) = 2.085).
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Animals sacrificed on d 30 post-lesion showed similar results as d 12

groups (Table 4.1; Figure 4.4C).   Again, sham animals were combined because

no differences in DA measures were detected.   An overall group effect for DA

remaining (F (2,30) = 16.260, p < .001), DOPAC remaining (F (2,30) = 4.496, p <

.05) and HVA remaining (F (2,30) = 5.871, p < .01) were detected.  Post-hoc

analysis showed significant declines in lesion only animals compared to shams in

all three measures (DA (p < .001); DOPAC (p<.05); HVA (p<.01).

Western Blot

As seen in DA concentrations, lesioned animals forced to run had

significant sparing of TH, VMAT2, and DAT in the striatum compared to

sedentary lesion animals, which suffered from marked declines in all three

markers (Table 4.1; Figure 4.4B & 4.4D).  No significant differences in sham

animals was detected in % remaining of DAT, VMAT2 or TH for either animals

killed on d 12 or d 30 post-lesion, therefore these groups were combined for the

overall analyses.  An overall treatment group effect was found for TH (F (2,24) =

47.175, p < .001), VMAT2 (F (2,24) = 34.190, p < .001 and DAT (F (2,24) =

42.750, p< .001) on d 12 post-lesion.  Post-hoc analysis showed a significant

decline in all measures in lesion only animals compared to both combine sham (p

< .001) and lesion run (p< .001) groups.  In addition an overall ANOVA revealed
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a significant difference in  DAT:VMAT2 between the four groups at d 12 post-

lesion (F(3,23) = 5.529, p<.05).  Significant declines in the ratio were detected

between animals forced to run compared to treatment sedentary control.

Animals sacrificed on d 30 post-lesion displayed similar group differences

in DA terminal markers (Figure 4.4D; Table 4.1).  An overall group effect was

found for TH (F (2,29) = 10.926, p < .01), VMAT2 (F (2,29) = 8.171, p < .01)

and DAT (F (2,29) = 8.559, p < .01).  Post-hoc analysis showed a significant

decline in TH (p< .01) and DAT (p< .01) levels in lesion only animals compared

to sham animals.  In addition, lesion only animals had significantly less VMAT2

immunoreactivity compared to both sham (p< .01) and lesion/run (p< .05)

animals.  Tubulin blots reflected equal loading of samples across treatment groups

(data not shown).
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Figure 4.4.  Attenuation of lesion-induced striatal DA and DA terminal marker
loss following transient running.  A.  HPLC day 12 post-lesion.
Lesion only animals display significant DA, DOPAC and HVA loss
(as measured by % remaining from intact hemisphere).  In contrast,
lesion animals forced to run up to d 9 post-lesion display a sparing of
striatal DA and its metabolites.  B.  Western analysis of DA terminal
markers day 12 post-lesion.  Unilateral infusion of 6-OHDA results
in significant loss of TH, VMAT2 and TH immunoreactivity.
Running resulted in a sparing of striatal DA terminal markers (*p <
.01 compare to sham controls; saline n = 13, lesion n = 7, lesion run
n = 7).  C.  HPLC day 30 post lesion.  Transient running resulted in
significant sparing of DA, DOPAC and HVA up to 4 weeks post-
lesion.  D.  Western analysis of DA terminal markers day 30 post-
lesion.  As with DA levels, long-term increases in DA terminal
marker immunoreactivity was found in lesion animals forced to run
versus lesion only animals (*p<. 01 compared to sham controls;
saline n = 17, lesion n = 8, lesion run n = 8).  E.  Representative blots
for DA terminal markers at day 12 post-lesion.  F.  Representative
blots for DA terminal markers at day 30 post-lesion. Western graphs
are based on a mean of 8 blots for each time-point, thus
representative blots may not directly match.
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Table 4.1.  Mean Levels of Neurochemical Measures.  DA, DOPAC and HVA
measures, p.mol/ mg wet tissue and immunoreactivity for TH,
VMAT2 and DAT for all treatment groups (* significantly different
from lesion/run, ** significantly different from sham/sedentary, +
significantly different from sham/run at p<. 05.  All post-hoc
comparisons were Bonferroni corrected to maintain an overall error
rate of p<. 05 (sham groups combined at D30 time point)).
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DA                         DOPAC                HVA      

Day 12:

Lesion Sed. Lesioned Hem. 1.10 (1.10)*, **,+  0.49 (.49)**,+ 1.32 (.47)
Lesion Sed. Non-Lesioned Hem. 29.29 (4.60)+ 6.72 (.74) 1.72 (.67)
Lesion Run Lesioned Hem. 16.73 (3.27) 4.92 (1.23)**,+ 2.57 (.51)
Lesion Run Non-Lesioned Hem. 22.14 (4.00) 6.31 (1.24) 2.39 (.22)
Sham Sed. Lesioned Hem. 19.52 (1.74)+ 8.05 (1.33) 2.51 (.14)
Sham Sed. Non-Lesioned Hem. 19.23 (2.17) 8.29 (.71) 2.09 (.09)
Sham Run Lesioned Hem. 10.53 (1.00) 8.22 (.93) 2.17 (.22)
Sham Run Non-Lesioned Hem. 12.08 (3.13) 6.56 (1.34) 2.15 (.20)
Day 30
Lesion Sed. Lesioned Hem. 13.81 (3.36)** 12.98 (3.19)** 3.49 (.70)**
Lesion Sed. Non-Lesioned Hem. 51.50 (6.97)* 22.60 (2.33) 6.48 (.33)*,**
Lesion Run Lesioned Hem. 20.48 (7.08) 16.01 (1.30) 2.87 (.40)
Lesion Run Non-Lesioned Hem. 20.34 (4.03) 14.66 (1.33) 3.70 (.76)
Sham Sed. Lesioned Hem. 40.78 (9.83) 26.10 (2.95) 5.45 (.26)
Sham Sed. Non-Lesioned Hem. 43.42 (7.90) 24.69 (3.26) 5.33 (.32)
Sham Run Lesioned Hem. 31.19 (5.22) 18.09 (2.13) 4.78 (.30)
Sham Run Non-Lesioned Hem. 26.93 (5.32) 18.59 (2.68) 4.36 (.32)

TH                         VMAT2                DAT___

Day 12:
Lesion Sed. Lesioned Hem. 1.61 (.59)*,**,+ 3.81 (1.53) *,**,+         5.50 (4.21) *,**,+

Lesion Sed. Non-Lesioned Hem. 17.37 (3.12) 16.45 (2.53)     29.70 (8.98)
Lesion Run Lesioned Hem. 15.91 (2.79)**,+ 15.94 (3.10)**,+     23.27 (3.55)
Lesion Run Non-Lesioned Hem. 16.02 (1.44)+ 18.52 (3.01)     27.28 (4.70)
Sham Sed. Lesioned Hem. 28.05 (1.18) 25.63 (1.76)     36.14 (5.24)
Sham Sed. Non-Lesioned Hem. 28.29 (5.53) 22.87 (3.00)     34.87 (6.19)
Sham Run Lesioned Hem. 27.13 (1.73) 26.61 (1.65)       32.45 (1.81)
Sham Run Non-Lesioned Hem. 29.79 (2.88) 24.86 (1.80)     29.35 (1.84)
Day 30
Lesion Sed. Lesioned Hem. 8.59 (2.39)** 10.46 (2.94)*,**     10.89 (3.71)
Lesion Sed. Non-Lesioned Hem. 21.02 (1.98) 20.37 (3.57)     20.16 (4.89) 
Lesion Run Lesioned Hem. 11.37 (2.36) 12.56 (1.70)     13.43 (3.02)
Lesion Run Non-Lesioned Hem. 16.11 (2.77) 16.15 (3.26)     20.16 (3.16)
Sham Sed. Lesioned Hem. 18.98 (2.55) 20.09 (2.41)     21.32 (3.18)
Sham Sed. Non-Lesioned Hem. 19.07 (2.86) 19.66 (2.81)     18.81 (3.25)
Sham Run Lesioned Hem. 17.62 (3.12) 19.64 (2.69)      24.49 (3.44)
Sham Run Non-Lesioned Hem. 18.66 (3.23) 20.53 (2.47)      24.27 (3.41)
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Discussion:

Several recent studies have demonstrated the positive effects of forced

movement in animal models of CNS injury (Jones and Schallert, 1994; Stroemer

et al., 1995; Bury et al., 2000; Carro et al., 2001; Tillerson et al., 2001).  In

addition, numerous clinical studies have reported beneficial effects for PD

patients involved in physical therapy (Bilowit, 1956; Knott, 1957; Franklyn et al.,

1981; Szekely et al., 1982; Palmer et al., 1986; Hurwitz, 1989; Toole et al., 2000).

We have recently shown that exclusive forced reliance on the impaired forelimb

for the first 7 days following unilateral 6-OHDA insult resulted in decreased

striatal DA loss and recovery from behavioral asymmetries (Tillerson et al.,

2001).  In the current study, we selected a more clinically applicable exercise

regimen that could be used in bilateral animal models of PD and in PD patients.

We have demonstrated that moderate treadmill running soon after unilateral

exposure to the dopaminergic toxin 6-OHDA results in recovery of behavioral

function and an attenuation of neurochemical loss.

Behavioral analysis was performed after surgery, but prior to initiation of

treadmill running.  These behavioral measures are significantly correlated to

striatal dopamine content and reflect the equivalent lesion effect in both

lesion/sedentary and lesion/run groups prior to implementation of post-surgical
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running (Schallert and Tillerson, 2000; Tillerson et al., 2001).  Animals were run

2 times a day on the day of lesioning and up to day 9 post-lesion.  The

characteristic limb-use asymmetry, forelimb akinesia and placing deficits seen in

unilateral 6-OHDA lesioned animals were absent by day 3 post-lesion in animals

forced to run, whereas sedentary lesion animals maintained a robust limb-use

asymmetry throughout the course of the experiment.  The recovery from lesion-

induced behavioral deficits persisted across testing days (up to 4 weeks post-

lesion), even though the running regimen was transient (stopped on day 9 post-

lesion) (Figures 4.1-4.3).

In addition to the behavioral recovery, neurochemical analysis performed

in groups at 72 hours after the last running trial and groups at 30 days post-lesion

revealed an attenuation in the loss of DA, its metabolites, TH, VMAT2, and DAT

in the striatum of lesioned runners (Figure 4.4 & Table 4.1).  We also found a

significant decline in the DAT:VMAT2 (Miller et al., 1999a) in animals that ran

compared to sedentary animals regardless of experimental group on d 12 post-

lesion.

We have previously shown that immunoreactivity of the DA terminal

markers, DAT and VMAT2, in both parkinsonian monkeys and PD postmortem

brains accurately measured the striatal neuropathological changes (Miller et al.,

1997; Miller et al., 1999b).  While it lacks the spatial resolution of other
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techniques, such as immunocytochemistry or autoradiography, it does provide

greater sensitivity and correlation to the magnitude of striatal DA nerve terminal

loss (Wilson et al., 1996a; Miller et al., 1999b).  Immunocytochemistry utilizes

diaminibenzidine and thus not readily quantified due to the non-linear production

of the chromogenic precipitate. Therefore, the immunoblot analysis of DAT,

VMAT2, and TH used in the current studies provided good index of striatal DA

terminal integrity.

We have demonstrated that moderate exercise lessens the severity of

functional DA loss in animals already experiencing profound behavioral deficits

reflective of striatal DA loss.  Unilateral infusion of 6-OHDA in rats produces a

good model of parkinsonism, but we acknowledge the limitations of this model to

produce the pathogenesis of neurodegeneration seen in idiopathic PD.  Given the

time course of degeneration in the 6-OHDA model, and the time-course of our

exercise regimen, we believe there are two probable explanations that alone or in

combination account for the attenuation of neurochemical loss in the lesioned

animals exposed to running.  The first possibility is that the reduction in

DAT:VMAT2 resulted in decreased susceptibility of the lesion/run animals to the

toxin. The second possibility is that both lesion groups received equal DA neuron

loss, and that the neurochemical recovery found in lesion/run animals is via

remaining terminal plasticity in the striatum following running.
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Even though the behavioral deficit is apparent at day 1 post-lesion, the

overall pathological loss may take days to develop and may involve persistent

reuptake of the toxic compound.  The primary function of DAT is the re-uptake of

dopamine from the synapse into the neuron terminal (Shimada et al., 1991; Giros

and Caron, 1993).  Once dopamine is taken back into the pre-synaptic terminal, it

is transported into vesicles via VMAT2 (Erickson et al., 1992; Liu et al., 1992).

In support of the alteration in DAT levels found in this study, previous studies

have indicated that running can modulate striatal DA neurotransmission (Freed

and Yamamoto, 1985; Elam et al., 1987; MacRae et al., 1987a; Hattori et al.,

1994; Dluzen et al., 1995; Meeusen et al., 1997; Liste et al., 1999; Wang et al.,

2000).  The possible role of VMAT2 in neuronal protection in animals has already

been demonstrated by the increased toxicity of MPTP in VMAT2 heterozygote

knockout mice (Takahashi et al., 1997; Gainetdinov et al., 1998).  Whereas one of

the roles of VMAT2 in neurons may be sequestration of possible toxins, the

inherent role of DAT (re-uptake of DA) creates susceptibility in DA neurons to

toxins that may be transported by DAT (Chiba et al., 1985; Javitch et al., 1985;

Gainetdinov et al., 1997; Miller et al., 1999a).  Neurons that express higher levels

of DAT are more susceptible to the neurotoxin MPP+ than neurons with lower

DAT expression (Javitch et al., 1985; Shimada et al., 1992; Sanghera et al., 1997).

In addition, brain regions that express the highest levels of DAT protein are the
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most severely affected in PD, and the DAT:VMAT2 within the most affected

regions in PD patients is higher than control populations (Miller et al., 1997;

Miller et al., 1999b; Miller et al., 1999a).  A procedure that could decrease

DAT:VMAT2 in rats may not only lead to spared neurochemical and behavioral

measures, similar to what was found in these experiments, but could also result in

an increased resistance to dopaminergic toxicity.  Sham animals exposed to

running had reduced DAT:VMAT2 ratios providing a plausible explanation as to

why physical exercise may result in a decreased risk of PD (Sasco et al., 1992).

We do not presume that the alterations in DAT:VMAT2 alone explain the

phenomenon seen in this study.  Another possible explanation for our findings is

an exercise-induced plasticity of the remaining striatal dopamine system

following nigrostriatal injury.  Animal studies have demonstrated several possible

mechanisms through which exercise could improve function such as: increased

neurogenesis, learning, long-term potentiation (Kempermann et al., 1998; van

Praag et al., 1999), glial cell proliferation, changes in neurotransmitter and

metabolite levels, stress induced alteration, gene expression, receptor binding

(Chadi et al., 1994; Liste et al., 1997; Bland et al., 1999; Werme et al., 2000;

Tumer et al., 2001), induction of striatal Fos expression (Liste et al., 1997),

expression of endogenous neurotrophic factors (Neeper et al., 1995; Gomez-

Pinilla et al., 1998; Carro et al., 2001), and the growth of neuronal processes
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(Jones and Schallert, 1994; Kleim et al., 1996; Kolb and Whishaw, 1998; Ivanco

and Greenough, 2000). In addition, several studies have also found that it is

possible to up-regulate growth factors post-injury through environmental

manipulation (Chadi et al., 1994; Bury et al., 2000; Carro et al., 2001).  These

possibilities alone or in combination may create either a sparing of the

nigrostriatal system from permanent damage, or a more effective post-injury

compensations (Robinson et al., 1994), such as DA terminal sprouting.

Motor therapy has already been shown to be effective for stroke patients.

Taub and associates have shown that forcing use of the more affected limb

following stroke improves motor function and induces brain plasticity (Taub et

al., 1999; Liepert et al., 2000).  Our results show that a similar methodology in PD

patients may also be effective.  The financial and physical investments of

moderate running as an early clinical intervention are minimal in relation to the

probable beneficial outcome and in comparison to other treatments.  Finally, in

light of the alterations in DAT:VMAT2 seen in this study, it is plausible that

exercise may create a system more resistant to dopaminergic toxins, and thus

more resistant to degeneration of DA neurons observed in PD.
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Moderate treadmill running results in amelioration of MPTP-
induced behavioral deficits and limited nigrostriatal recovery in

retired breeder mice5

ABSTRACT

Systemic injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) leads

to sustained damage to the nigrostriatal dopamine system in retired breeder

C57BL/6j mice, creating a bilateral model of Parkinson’s disease (PD) in older

animals.  Recent studies have found increased behavioral performance and striatal

DA content following forced forelimb use in the unilateral 6-hydroxydopamine

rat model of PD.  In this study, the effect of moderate treadmill running on retired

breeder C57BL/6j mice exposed to moderate doses of MPTP was tested.  Running

twice a day, for 10 consecutive days, resulted in sustained recovery from MPTP-

induced behavioral deficits, as well as significant increases in striatal DA,

dopamine transporter (DAT), vesicular monoamine transporter (VMAT2), and

tyrosine hydroxylase (TH) compared to sedentary MPTP mice.  These findings

further emphasize the beneficial effects of physical activity following

c o m p r o m i s e  t o  t h e  n i g r o s t r i a t a l  s y s t e m .

                                                  
5 Jennifer L. Tillerson, W. Michael Caudle, Maria E. Reveron & Gary W. Miller, submitted.
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INTRODUCTION

Parkinson’s disease (PD) is characterized by progressive motor

impairment due primarily to degeneration of nigrostriatal dopamine (DA) neurons

(see review by (Olanow and Tatton, 1999)). In patients with Parkinson’s disease,

movement is difficult and inactivity becomes more prominent (Fertl et al., 1993;

Comella et al., 1994; Toth et al., 1997; Mazzoni and Ford, 1999).  1-Methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) is toxic to dopaminergic (DA)

nigrostriatl neurons in both human (Langston et al., 1983) and non-human

primates (Burns et al., 1983; Langston et al., 1984), as well as in several animal

species including mice (Heikkila et al., 1984; Hallman et al., 1985).  As with all

animal models of neurodegenerative disorders, the mouse MPTP model differs

from idiopathic PD in several characteristics.  MPTP-treated mice do not display

inclusion proteins in the cell bodies and neuronal death occurs over the course of

a few weeks versus decades in PD patients.  In addition, young C57BL/6j mice

exposed to moderate doses of MPTP show only transient striatal loss of DA

content and no SN cell loss (Mitsumoto et al., 1998; Fornai et al., 2000).  On the

other hand, retired breeder C57BL/6j mice present sustained terminal and cell loss

following MPTP injection (Ali et al., 1993; Desai et al., 1996), creating a long-

term, bilateral rodent model of PD.
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Anecdotal studies and clinical observations strongly suggest that

incorporation of exercise into a regimen for PD patients would be beneficial.

Physical therapy implemented after the diagnosis of PD increases motor ability

(Bilowit, 1956; Knott, 1957; Franklyn et al., 1981; Szekely et al., 1982; Palmer et

al., 1986; Hirsch, 2000; Toole et al., 2000).  In addition, a case control study of

the occurrence of PD and physical exercise has shown a protective effect of

exercise on the risk of PD (Sasco et al., 1992; Brasted et al., 1999).  Finally,

incorporation of behavioral training leads to enhanced survival and function of

striatal fetal tissue implants (Brasted et al., 1999). We have previously

demonstrated that young rats forced to completely rely on the impaired forelimb

(by applying a plaster cast to the unimpaired limb) for the first 7 days post-6-

OHDA infusion displayed behavioral and neurochemical sparing (Tillerson et al.,

2001).  In addition, we have recently found that moderate treadmill running

during the first 10 days after unilateral 6-OHDA lesioning in young rats results in

similar behavioral and striatal DA sparing (Tillerson et al., submitted).  In the

present study, we tested the effects of moderate treadmill running in the aged,

bilateral MPTP mouse model of PD.
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METHODS

Subjects

Fifty-two retired-breeder C57BL/6j (retired breeder) male mice (Jackson

Laboratory, Bar Harbor, Maine), singly housed, were used for these experiments.

Animals were handled daily for 2 weeks prior to injection, in order to make them

amenable to behavioral testing. All mice were maintained on a standard 12:12

light/dark cycle, and given ad libitum access to lab chow and water.

Injections

Mice were injected (s.q.) with 15 mg/kg (x2) 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine hydrochloride (M0896, Sigma, St. Louis, MO) or saline with

an inter-injection interval of 12 hours (first injection, 6 p.m.; second injection, 6

a.m.).

Treadmill Running

All animals were introduced to a straight treadmill (Columbus

Instruments, Exer-6M) 1 day prior to injection at a speed of 5 meters/minute for 5

minutes.  Twelve hours post-second injection, animals were tested for MPTP-
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induced behavioral deficits and those randomly assigned to run were reintroduced

to the treadmill.  Beginning 12 hours post injection and up to day 9 post-injection,

animals were run 2 times a day for 5 minutes, at a speed of 5 meters/minute, for a

total of 50 meters per day.  Each running session was separated by 3 hours.

During running, when a mouse failed to keep up with the treadmill speed, it

contacted a grid located behind the belt, and a weak current was passed through

the grid for a maximum of 2 seconds until the animal began to run.  The majority

of animals did not contact the grid after the initial training sessions, and no

differences between groups was observed in grid contacts post-surgery (data not

shown).  Running and behavior testing was performed during the dark cycle. This

exercise regiment was designed based on preliminary studies.  Increased speed

and/or duration in these early trials resulted in exhaustion in these mice (defined

as touching the electric grid more than 3 times a minute).  In addition, the time

and speed used in these studies resulted in approximately the same number of

steps per running trial as attained in a similar study examining the effects of

treadmill running in rats with unilateral striatal DA loss (Tillerson et al.,

submitted).
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Behavioral Tests

Animals were administered the following battery of behavioral tests prior

to injection, 12 hours post-final injection, and on days 3, 7, 11, 14, 21 and 28

post-injection (unless otherwise noted).

Forepaw Stride Length During Walking

Animals were pre-trained to walk across a clean sheet of paper into their

home cage without stopping prior to injections.   Following training, animals had

their forepaws placed in black ink and length of forepaw steps during normal

walking (in a straight line only) was measured. The animals were immediately put

back into their home cage upon completion of the task.  Stride length was

determined by measuring the distance between each step on the same side of the

body, measuring from the middle toe of the first step to the heel of the second

step.  An average of at least four clear steps was calculated. Stride length in mice

has been performed successfully by a variety of other researchers using altered

methods such as hind foot measures, digital recordings and tunnel apparatuses

(Barlow et al., 1996; Klapdor et al., 1997; Crawley, 1999; Clarke and Still, 2001;

Patel and Hillard, 2001).
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Grid Test

Mice were lifted by their tail and slowly placed on a horizontal grid (grid

12cm2: openings .5cm2) and supported until they grabbed the grid with both their

fore- and hind-paws.  The grid was then inverted so that the mice were hanging

upside down.  The grid was mounted 20 cm above a hard surface, thus

discouraging falling, but not leading to injury in case of falling. The apparatus

was equipped with a 3-inch wall, to prevent animals from transversing to the

upper-side of the grid.  Animals were videotaped while hanging upside down for

30 sec., and videos replayed for analysis of the following measures using a

recorder with slow motion and frame-by-frame option (Tillerson et al.,

submitted).

Average Forepaw Step Distance:  The length of each successful forepaw step was

measured as the number of grid squares/openings transversed.  The average

forepaw distance was calculated by summing the distances for each successful

step then dividing by the number of successful steps.

Forepaw Faults:  The number of unsuccessful forepaw steps divided by the total

number of attempted forepaw steps was recorded.  An unsuccessful step was

defined as an attempt to step or place the forepaw during a weight shifting (place

shifting) movement in which the paw was unsuccessfully placed onto its destined
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position and had to be replaced on the grid by the animal so as to regain weight-

baring control.

Wall Time:  The time spent in physical contact with the surrounding wall divided

by the total time on the grid X 100.

High Performance Liquid Chromatography

Animals were anesthetized with carbon dioxide and decapitated.  A 1-mm

section of the striatum (+1mm to bregma) was dissected for both the left and right

hemispheres.  The left hemisphere was used in HPLC analysis, while the right

hemisphere was used for western blot analysis. Dissected left striata were

sonicated in 0.1 M perchloric acid containing 347 µM sodium bisulphite and 134

µM EDTA disodium salt. Homogenates were centrifuged at 16,000 x g for 20

minutes at 4° C and the supernatant removed. The supernatants were centrifuged

at 16,000 x g and the supernatants analyzed for levels of DA, 3,4-

dihydroxiphenylacetic acid (DOPAC), and homovanillic acid (HVA) by HPLC

(Column, HR-80, 4.6 mm x 8 cm, 4-channel coulometric electrode array (Model

5600, ESA Inc, Chelmsford, MA) with sensitivity to femtomole levels).  The

mobile phase consisted of 16 mM citric acid monohydrate, 32 mM ammonium

acetate, 215 µM EDTA disodium salt, 850 µM 1-octanesulfonic acid sodium salt

monohydrate (final pH 2.5) and 5% methanol (delivered at a constant flow rate of



204

1 ml/min).  Quantification was made by reference to calibration curves made with

monoamine standards (dopamine hydrochloride (H8502, Sigma), DOPAC

(D9128, Sigma) and HVA (H1252, Sigma)).

Western Blot Analysis

Right striata samples were homogenized in buffer (320 mM sucrose and

5mM HEPES containing protease inhibitor cocktail). Homogenized samples were

centrifuged at 2,000 x g for 5 min, and supernatant centrifuged at 30,000 x g for

30 min. The final pellet was resuspended in homogenization buffer and subjected

to polyacrylamide gel electrophoresis (NuPage, 10% Invitrogen). Samples were

electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane,

and non-specific sites blocked in 7.5% nonfat dry milk in Tris-buffered saline

(135 mM NaCl, 2.5 mM KCl, 50 mM Tris, and 0.1% Tween-20, pH 7.4).

Membranes were then incubated in a polyclonal antibody to the C-terminus of

VMAT2 (pAb VMAT2-Ct; AB1767, Chemicon, Temecula, CA) in Tris-buffered

saline with 2% nonfat dry milk. VMAT2 antibody binding was detected using a

goat anti-rabbit horseradish peroxidase secondary antibody (170-6515, Bio-Rad,

Hercules, CA) and enhanced chemiluminescence (CG50450, Pierce, Rockford,

IL). The chemiluminescent signal was captured on an Alpha Innotech
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ChemiImager (San Leandro, CA) and stored as a digital image. Densitometric

analysis was performed and calibrated to co-blotted dilutional standards of control

striata and exposures performed within the linear range.  Control striata for the

standards were pooled from all saline treated animals. Membranes were then

stripped for 20 min at 80°C (8 M urea, 100 mM 2-mercaptoethanol, and 62.5 mM

Tris, pH 6.8) and re-probed with a monoclonal antibody to the N-terminus of

DAT (rat anti-dopamine transporter antibody ((Miller et al., 1997) (MAB369,

Chemicon) (goat anti-rat secondary (56400, ICN, Costa Mesa, CA)), a polyclonal

TH antibody (rabbit anti-tyrosine hydroxylase (AB152, Chemicon)), and alpha-

tubulin (T9026, Sigma) goat anti-mouse secondary (170-6516, Bio-Rad).

Statistics

Neurochemical measures were analyzed by applying a one-way ANOVA

for each group.   When significance between treatment groups was achieved in

neurochemical measures, Dunnett’s post-hoc comparisons were performed.

Behavioral observations were first subjected to traditional overall, repeated

measures ANOVAs.  When a significant interaction was detected, one-way

ANOVAs at each testing day were performed.  When only a group effect was
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detected, Dunnett’s post-hoc comparisons were performed. All post-hoc measures

were Bonferroni corrected to keep the overall error rate per group at 0.05.

Experimental Design

Animals were subjected to the outlined schedule of MPTP injections

presented above, and behavioral analysis was performed up to the day of sacrifice.

The four experimental groups (saline, saline + run, MPTP, MPTP + run) were

divided into two sacrifice days, day 12 or day 30, to test both immediate and

sustained exercise effects.  In addition, both saline and MPTP sedentary groups

were divided and designated animals were exposed to the treadmill without the

belt running to control for non-motor stress interactions.  No differences were

found between the “non-motor stress” animals and treatment only animals in any

of the behavioral or neurochemical measures (data not shown).
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RESULTS

Forced Treadmill Running Results in Behavioral Recovery

Forepaw Stride Length During Walking

No significant difference in stride length measures were detected between

saline and saline + run animals, therefore these two groups were collapsed for

further analysis for both day 12 (F (1,10) = .393) and day 30 (F (1,9) = .025)

animals.  Forced treadmill running for the first 10 days post-MPTP treatment

resulted in a sustained recovery in forepaw stride length (Figure 5.1).  Significant

day (F (7,168) = 12.465, p < .001), group  (F (2,24) = 17.869, p < .001) and group

X day interaction (F (14,168) = 3.479, p < .01) were found in the day 30 group.

Post hoc comparisons at each testing day revealed significant MPTP-induced

decreases in stride length in both treatment groups compared to shams (p < .01).

This impairment persisted across testing days for MPTP only animals, whereas

animals exposed to MPTP that were forced to run beginning 12 hours post-second

injection showed recovery in the measure of stride length that persisted across

testing days (Figure 5.1).

Animals sacrificed on day 12 post-injection displayed similar stride length

results as day 30 animals.  Significant day (F (4,88) = 14.277, p < .001), group (F

(2,22) = 24.212, p < .001) and group X day interaction (F (8,88) = 6.613,p < .001)
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Figure 5.1.  Running-induced recovery from MPTP-decreases in stride length.
MPTP injection resulted in a significant decline in stride length for
both MPTP treatment groups 12 hours post-injection.  Animals
forced to run beginning after behavioral testing at 12 hours post-
injection display a complete and sustained recovery from MPTP
induced decreases in stride length (* p < .05 compared to saline
controls: control n = 11, MPTP n = 8, MPTP run n = 8).
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were found in measures of stride length.  Post hoc comparisons demonstrated a

significant decline in stride length for both MPTP groups prior to the onset of

running (p < .01) and on day 3 (p < .01).  By day 7 post-injection, MPTP treated

animals forced to run showed no detectable stride length decline compared to

saline controls, whereas MPTP only animals continued to show decreased stride

length up to the day of sacrifice (day 7 (p < .01), day 11 (p < .01).

Grid Test

Average Forepaw Step Distance:  No significant differences were found

between saline treated groups (day 12 animals (F (1,10) = 1.438), day 30 animals

(F (1,9) = .330)); therefore these groups were collapsed for further analysis.

Forced treadmill running during the first 10 days post MPTP resulted in a

sustained recovery of forepaw step distance (Figure 5.2A).  Overall day (F (7,

168) = 5.821, p < .001), group (F (2, 24) = 46.310, p < .001) and group X day

interaction (F (14, 168) = 4.845, p < .001) were found in measures of forepaw

step distance in day 30 animals.  Post hoc comparison of each day revealed a

significant MPTP induced decline in step length on the grid 12 hours post-

injection in both MPTP treatment groups (p < .001).  Initiation of running resulted

in a sustained recovery from MPTP induced decline in step length.  On the other

hand, MPTP only animals displayed a significant decline in step length on the
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grid that persisted across testing days compared to saline controls (day 3 (p < .01),

day 7 (p < .05), day 11 (p < .02), day 14 (p < .001), day 21 (p < .01), and day 28

(p < .01) (Figure 2).  Similar results were obtained for animals sacrificed on day

12 post-injection (day (F (4,88) = 7.776, p < .001), group (F (2,22) = 24.602, p <

.001), and group X day interaction (F (8, 88) = 8.213, p < .001; post hoc 12 hours

post injection MPTP (p < .001), MPTP + run (p < .001), day 3 MPTP (p < .001),

MPTP + run (p < .001), day 7 MPTP (p < .001), and day 11 MPTP (p < .01)).

Forepaw Faults:  No significant differences in saline control animals on

the measure of forepaw faults was detected for either day 12 (F (1,10) = 1.870) or

day 30 (F (1,9) = .094) animals, therefore these groups were collapsed for further

analysis.  Forced treadmill running resulted in sustained recovery on the measure

of forepaw faults (Figure 5.2B).  Overall day (F (7,168) = 6.573, p < .001), group

(F (2,24) = 20.849, p < .001) and group X day interaction (F (14, 168) = 4.047, p

< .001) were found in forepaw faults for day 30 animals.  Post hoc analysis at

each testing day again revealed a significant effect of MPTP in both treatment

groups prior to the initiation of running (MPTP (p < .001), MPTP + run (p < .05)).

Induction of running resulted in permanent recovery from this deficit, whereas

MPTP only animals continued to display significantly more faults across testing

days (day 3 (p < .01), day 14 (p < .001), and day 21 (p < .01).  Similar results

were found for animals sacrificed at day 12 post lesion (overall day (F (4,88) =
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4.599, p < .01; group (F (2,22) = 9.635, p < .01; group X day (F (8,88) = 3.813, p

< .01; post hoc 12 hours MPTP only (p < .01), MPTP + run (p < .01), day 3

MPTP (p = .05), and day 7 MPTP (p < .05)).

Wall Time:  As with other behavioral measures, no differences between

saline animals were detected at either day 12 (F (1,10) = .627) or day 30 (F (1,9)

= .140), therefore these groups were collapsed for further analysis.  MPTP

injection results in increased contact with the supporting wall across testing days.

Transient running in MPTP treated mice resulted in a long-term recovery from

this deficit (Figure 5.2C).  Overall day (F (7,168) = 5.979, p < .001), group (F

(2,24) = 41.363, p < .001) and group X day interaction (F (14, 168) = 3.995, p <

.001) were found between day 30 treatment groups.  Individual testing day

analysis revealed the characteristic increase in wall contact time in both MPTP

treatment groups prior to the initiation of running (p < .001).  This deficit

persisted for MPTP only animals across testing days (day 3 (p < .001), day 7 (p <

.05), day 11 (p < .05), day 14 (p < .01), day 21 (p < .02), and day 28 (p < .01)).  In

contrast, MPTP animals forced to run were not different from saline control in the

measure of wall time by day 3 post-injection.  Animals sacrificed on day 12 post-

injection showed similar behavioral performance in the measure of wall time
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Figure 5.2.  Running results in increased performance on grid measures.  A.  Step
length on the grid was significantly reduced following MPTP
injection.  Induction of running after the 12 hour time-point resulted
in sustained recovery in step length.  B.  An increase in forepaw
faults on the grid was observed 12 hours post-injection of MPTP.
Forced running for the first 10 days post-injection resulted in a
sustained decrease in the number of forepaw faults on the grid.  C.
Dependence on the supporting wall (as measured by percent time in
contact with the wall) is significantly increased following MPTP
administration.  Forced running results in a significant decline in
percent time in contact with the supporting wall (* p < .05 compared
to saline controls per day: control n = 11, MPTP n = 8, MPTP run n
= 8).
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(overall day (F (4,88) = 10.788, p < .001), group (F (2,22) =16.846, p < .001),

group X day interaction (F (8,88) = 4.584, p < .001); post hoc 12 hour MPTP (p <

.001), MPTP + run (p < .001), 3 days MPTP (p < .05), 7 days (p = .07), 11 days (p

= .07)).

Increased Striatal DA Content and Terminal Markers Following Running

HPLC

No significant differences in DA and its metabolites were detected

between saline treated groups at either time point were detected therefore these

groups were collapsed for further analysis (Table 5.1).  MPTP administration

resulted in significant declines of DA and its metabolites in both treatment groups

compared to saline controls on day 12 post-lesion (DA: F (2,21) = 70.863, p <

.001; saline vs. MPTP only (p < .001), saline vs. MPTP + run (p < .001), DOPAC:

F (2,21) = 12.541, p < .01; saline vs. MPTP only (p < .001), saline vs. MPTP +

run (p < .01), HVA: F (2,21) = 7.4, p < .01; saline vs. MPTP only (p < .01), saline

vs. MPTP + run (p < .05)).  Running in MPTP treated mice did result in a

significant increase in DA on day 12 post-injection compared to sedentary MPTP

animals (p < .05) (Figure 5.3A; Table 5.1).
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Thirty days post-injection, MPTP + run animals still displayed sustained

increases in striatal DA content compared to MPTP only animals (Figure 5.3B;

Table 5.1).  MPTP-induced declines in DA and its metabolites were detected for

both treatment groups compared to saline controls (DA: F (2,24) = 35.677, p <

.001; saline vs. MPTP only (p < .01), saline vs. MPTP + run (p < .01); DOPAC: F

(2,24) = 16.303, p < .001; saline vs. MPTP only (p < .001), saline vs. MPTP + run

(p < .001); HVA: F (2,24) = 11.424, p < .001; saline vs. MPTP only (p < .01),

saline vs. MPTP + run (p < .01)).  Significant increases in both striatal DA (p <

.02) and DOPAC (p < .05) in MPTP + run animals compared to MPTP only

animals were detected 30 days post-injection.  Thus, transient running initiated

soon after MPTP administration resulted in sustained increases in striatal DA

compared to MPTP only animals.

Western Blot

No significant differences between saline controls were measured in DAT,

VMAT2 or TH at either 12 days or 30 days post-injection (Table 5.1), therefore

these groups were collapsed for further analysis.  Twelve days following MPTP

administration, animals forced to run showed significantly more DAT and TH

immunoreactivity compared to MPTP only animals (Figure 5.3C; Table 5.1).

Overall group differences in all three terminal markers were measured on day 12



216

post-injection.  Post hoc analysis of group revealed significant declines in all

terminal markers in both MPTP treatment groups compared to saline, and

significant increased immunoreactivity in DAT and TH in MPTP animals forced

to run compared to MPTP only animals (DAT: F (2,21) = 38.273, p < .001; saline

vs. MPTP only (p < .001), saline vs. MPTP + run (p < .001), MPTP only vs.

MPTP + run (p < .05); VMAT2: F (2,21) 17.387, p < .001; saline vs. MPTP only

(p < .001), saline vs. MPTP + run (p < .001); TH: F (2,21) = 21.115, p < .001;

saline vs. MPTP only (p < .001), saline vs. MPTP + run (p < .001), MPTP only

vs. MPTP + run (p < .001)).

Western blot analysis 30 days after injection showed a sustained increase

in DAT, VMAT2 and TH in MPTP animals forced to run for the first 10 days

post-injection compared to MPTP only animals (Figure 5.3D; Table 5.1) (DAT: F

(2.24) = 27.705, p < .001; saline vs. MPTP (p < .001), saline vs. MPTP + run (p <

.001), MPTP only vs. MPTP + run (p < .05); VMAT2: F (2,24) = 29.833, p <

.001; saline vs. MPTP (p < .001), saline vs. MPTP + run (p < .001), MPTP only

vs. MPTP + run (p < .05); TH: F (2,24) = 13.434, p < .001; saline vs. MPTP (p <

.001), saline vs. MPTP + run (p < .01), MPTP only vs. MPTP + run (p < .02).

Thus, transient running resulted in sustained increases in DA terminal markers

following MPTP compared to sedentary MPTP animals.
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Figure 5.3.  Increase in striatal markers of DA system integrity following forced
running in MPTP mice.  A.  The percent remaining of DA and its
metabolites (expressed as percent combined saline controls) is
significantly decreased on day 12 post-injection for both MPTP
treatment groups.  Forced running resulted in a significant elevation
in the total striatal DA content in MPTP + run animals compared to
MPTP only animals.  B.  Elevation in striatal DA content in MPTP +
run animals compared to MPTP only animals is still evident at day
30 post-lesion.  C.  MPTP administration leads to a significant
decline in DA terminal markers as measured by western blot
immunoreactivity.  Forced running resulted in a significant increase
in DAT and TH immunoreactivity at day 12 post-injection in MPTP
run animals compared to MPTP only animals.  D.  Sustained
increases in immunoreactivity of DAT and TH were found at day 30
post-injection in MPTP run animals compared to MPTP only
animals.  In addition, a significant increase in VMAT2
immunoreactivity was also observed in MPTP run animals compared
to MPTP only animals at this time point. Western graphs are based
on a mean of 4 blots for each time-point, thus representative blots
may not directly match (* p < .05 compared to saline controls: + p <
.05 compared to MPTP only animals: D12 control n = 12, MPTP n =
6, MPTP run n = 7; D30 control n = 11, MPTP n = 8, MPTP run n =
8).
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Table 5.1. Mean Levels of Neurochemical Measures.  DA, DOPAC and HVA
measures, p.mol/ mg wet tissue and immunoreactivity for TH,
VMAT2 and DAT for all treatment groups (* significantly different
from combined saline treated groups,  + significantly different from
MPTP only animals at p< .05.  All post-hoc comparisons were
Bonferroni corrected to maintain an overall error rate of p< .05
(sham groups combined at D30 time point)).
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DA                         DOPAC                  HVA                   DAT                      VMAT2                   TH

Day 12:
Saline
47.79 10.55 6.31 17.83 19.02 15.00
(4.23) (1.18) (.47) (1.67) (2.97) (2.50)
Saline + Run
45.69 11.19 6.30 19.33 19.35 15.48
(4.48) (2.06) (.91) (2.24) (4.04) (2.62)
MPTP
5.61 * 4.08 * 3.72* 3.45 * 3.15 * 2.65 *
(1.18) (.88) (.72) (1.06) (.81) (.34)
MPTP + Run
13.46*+ 5.26 * 4.05* 7.10*+  5.47* 4.96*+
(1.47) (.92) (.33) (.94) (1.13) (.22)

Day 30:
Saline
37.82 25.88 8.97 27.52 19.63 23.63
(2.86) (1.99) (.55) (2.85) (1.00) (3.91)
Saline + Run
34.90 23.66 8.25 24.35 18.39 25.68
(4.31) (3.57) (.90) (2.32) (2.51) (5.27)
MPTP
4.13* 6.14* 3.95* 4.44* 4.55* 4.25*
(1.58) (1.44) (.67) (1.84) (1.45) (.80)
MPTP + Run
16.52*+ 11.81*+ 4.82* 13.59*+  9.67*+          12.78*+
(3.61) (.42) (.55) (1.77) (1.19) (2.69)
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Discussion

The adverse effects of MPTP in mice increase with age (Ali et al., 1993;

Desai et al., 1996), allowing for an animal model of not only the nigrostriatal DA

loss observed in PD, but also accounting for the limited regenerative abilities and

increased vulnerability of the aged brain.  Numerous clinical studies have reported

beneficial effects for PD patients involved in physical therapy (Bilowit, 1956;

Knott, 1957; Franklyn et al., 1981; Szekely et al., 1982; Palmer et al., 1986;

Hurwitz, 1989; Toole et al., 2000).  In addition, we have recently shown that

either exclusive forced reliance on the impaired forelimb for the first 7 days

following unilateral 6-OHDA insult in rats (Tillerson et al., 2001) or moderate

treadmill running for the first 10 days post-lesion in rats (Tillerson et al.,

submitted) resulted in decreased striatal DA loss and recovery from behavioral

asymmetries.  In the current study, we wanted to investigate the effects of an

exercise regimen in aged rodents with bilateral DA loss.  For these reasons, we

chose to explore the effects of moderate treadmill running in retired breeder

C57BL/6j mice.  Moderate treadmill running resulted in long-term recovery of

MPTP-induced behavioral deficits in retired breeder mice, as well as attenuated

striatal DA and DA terminal marker loss compared to sedentary MPTP mice.

Behavioral analysis was performed 12 hours after the second injection, but

prior to initiation of treadmill running.  These observed behavioral measures are
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significantly correlated to striatal dopamine content (Tillerson et al., submitted).

The performance on these tests was equivalent in both lesion groups prior to the

initiation of running.  Animals were run 2 times (5 meters/minute for 5 minutes) a

day beginning 12 hours after the second MPTP injection and up to day 9 post-

injection.  A complete and sustained behavioral recovery was seen in MPTP

animals forced to run, whereas sedentary MPTP animals maintained robust

behavioral deficits throughout the course of the experiment.  The recovery from

lesion-induced behavioral deficits persisted across testing days (up to 4 weeks

post-lesion), even though the running regimen was transient (stopped on day 9

post-lesion) (Figures 5.1 & 5.2).

In addition to the behavioral recovery, neurochemical analysis performed

both 72 hours after the last running trial and 30 days post-lesion revealed

significant, though limited, increases in striatal DA, TH, VMAT2, and DAT in

MPTP runners compared to MPTP only animals (Figure 5.3 & Table 5.1).

We have previously shown that immunoreactivity of the DA terminal

markers, DAT and VMAT2, in both parkinsonian monkeys and PD postmortem

brains accurately measured the striatal neuropathological changes (Miller et al.,

1997; Miller et al., 1999b).  While it lacks the spatial resolution of other

techniques, such as immunocytochemistry or autoradiography, immunoreactivity

does provide greater sensitivity and correlation to the magnitude of striatal DA
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nerve terminal loss (Wilson et al., 1996a; Miller et al., 1999b).

Immunocytochemistry utilizes diaminibenzidine and thus not readily quantified

due to the non-linear production of the chromogenic precipitate. Therefore, the

immunoblot analysis of DAT, VMAT2, and TH used in the current studies

provided good index of striatal DA terminal integrity.

We have recently found a complete recovery of striatal DA integrity

following a similar paradigm of running in young rats with unilateral 6-OHDA

lesioning.  In order to assess the effects of treadmill running following

nigrostriatal injury in MPTP mice, we had to develop a battery of behavioral tests

sensitive to changes nigrostriatal DA content.  The measures used in this paper

have been shown to be highly correlated to nigrostriatal DA levels and have also

been shown to serve as useful measures for MPTP-induced behavioral decline

(Tillerson et al., submitted), thus allowing for behavioral assessment following

running in MPTP mice.  Unlike young rats, the MPTP-retired breeder mice

subjected to running show only moderate sparing of striatal DA integrity, but do

have significant behavioral improvement.  Several possibilities could underlie the

differences seen in these two studies.  For example, the toxin used in the two

studies was different, the rats had unilateral lesions whereas the mice were

bilateral, the time course of cell death is different between the two models, the

animals used were different species, and the exercise regimen was different.  We
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believe the critical factor is the difference in age.  One of the strengths of the

MPTP mouse model of PD is its ability to model the limited plasticity seen in the

aged brain (Ali et al., 1993; Desai et al., 1996).  In other words, similar to older

patients, retired breeder mice have a limited ability to adaptively respond to injury

(Date et al., 1990).  Our primary interest in these studies lies in examining the role

that exercise may have in PD.  Therefore, though our previous findings have

shown more dramatic neurochemical sparing following forced activity in young

6-OHDA animals, we believe the current results may be the most applicable to

PD patients because the MPTP mouse model used replicates both the bilateral

nature of the disorder, as well as the limited recovery capacity of an aged brain.

Behavioral manifestations of PD do not occur until over 80% of the

nigrostriatal DA has been lost.  MPTP treatment led to striatal DA declines in

sedentary animals greater than 80%.  Indeed, both groups of MPTP animals

displayed significant behavioral disturbances 12 hours after the final injection of

MPTP, but prior to running, suggesting similar damage or depletion of the

nigrostriatal system.  Induction of running resulted in sustained improvements in

behavioral measures and increased DA concentrations (day 12, 29% remaining vs.

12% for non-runners; day 30, 45% vs. 11% for non-runners).  Hence, moderate

treadmill running in retired breeder mice exposed to MPTP resulted in a reversion

to a pre-clinical stage of the disorder.  Behavioral manifestations of PD do not
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occur until approximately 80% of the nigrostriatal DA has been lost (Olanow and

Tatton, 1999).  The goal of current drug therapies for PD is to bring the functional

DA levels back to pre-clinical levels, thus resulting in amelioration of behavioral

symptomology.  Moderate treadmill running, alone, accomplished the desired

goal of current PD therapy.

Several factors alone or in combination may contribute to the DA sparing

found in MPTP runners, such as increased DA synthesis, turnover, and sprouting

of surviving neuron terminals.  Three findings support a role of increased DA

synthesis and turnover in the current findings.  First, the obvious increased levels

of striatal DA in MPTP animals forced to run.  In addition, we observed a

sustained increase in tyrosine hydroxylase, the rate limiting enzyme in the

production of dopamine, in MPTP animals forced to run.  Finally, there was a

transient increase in the DOPAC/DA ratio in MPTP + run animals compared to

control animals 12 days post-lesion.  This effect was lost by day 30 post-lesion,

with only sedentary MPTP animals displaying sustained increases in DOPAC/DA

ratios (data not shown).

The 24-hour interval between the initial exposure to MPTP and the

initiation of running limited the opportunity for DA cell sparing since a significant

level of damage and loss occurs within 24 hours (Jackson-Lewis et al., 1995).

Therefore, the increase in DAT expression 12 days after injection in the MPTP
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run animals compared to sedentary MPTP animals, and the latter increases in both

DAT and VMAT2 immunoreactivity are consistent with an exercise induced

sprouting of remaining striatal DA terminals.  Though DAT has been shown to

regulate in response to environmental demands such as drug administration

(Wiener et al., 1989; Sharpe et al., 1991; Wilson et al., 1996b; Wilson and Kish,

1996; Wilson et al., 1996c), VMAT2 has been found to be a stable marker of

synaptic density, showing minimal regulation to transient environmental changes

(Naudon et al., 1994; Vander Borght et al., 1995a; Vander Borght et al., 1995b;

Frey et al., 1997; Wang et al., 1997; Miller et al., 1999).  That is to say that when

VMAT2 immunoreactivity increases it denotes increased terminal density.  In

further support of an exercise induced sprouting, other models of CNS injury have

shown that behavioral manipulations following injury create an environment

conducive to increased growth factor expression and neuronal plasticity (Bury et

al., 2000; Carro et al., 2001).

In this study we incorporated a transient, moderate running paradigm

following MPTP lesioning in old mice.  This exercise resulted in long-term

behavioral recovery from MPTP-induced deficits, as well as moderate increases

in striatal DA and DA terminal markers.  These findings suggest that moderate

physical activity may be beneficial in the treatment and prevention of PD.
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Exacerbation of behavioral and neurochemical injury following

forced disuse of the impaired forelimb in unilateral parkinsonian

rats6

ABSTRACT

Parkinson’s disease (PD) is diagnosed based on the presentation of clinical

symptoms, such as bradykinesia, resting tremor, postural instability, and rigidity.

One feature of PD that begins years before diagnosis is decreased physical

activity.  We suggest that this depressed activity is not only a symptom of the

dopaminergic loss that occurs in PD, but may also act as a catalyst in the

degenerative process.  To test this hypothesis, rats were treated with unilateral

infusions of the neurotoxin 6-hydroxydopamine and then a one-sleeved cast was

applied to the contralateral limb resulting in restricted activity (disuse) of the

forelimb controlled by the lesioned side of the brain.  After a transient period of

disuse, lesioned animals displayed greater behavioral and neurochemical deficits

than lesioned animals that did not receive the cast.  These results suggest that

decreased physical activity is not only a symptom of PD, but may act to potentiate

the underlying degeneration.

                                                  
6 Jennifer L. Tillerson, W. Michael Caudle, Maria E. Reveron & Gary W. Miller, submitted.
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INTRODUCTION

Parkinson’s disease is characterized by progressive motor impairment due

primarily to degeneration of nigrostriatal dopamine (DA) neurons (see review by

(Olanow and Tatton, 1999).  Compensatory neurobiological changes and learned

behavioral strategies may delay the appearance of symptoms until the loss of

terminals in the striatum becomes extensive enough to overcome the capacity of

the system (Zigmond et al., 1984; Zigmond and Stricker, 1989; Lees, 1992;

Zigmond, 1997; Swinnen et al., 2000).  In patients with Parkinson’s disease

movement is difficult and inactivity becomes more prominent as the DA neurons

degenerate (Fertl et al., 1993; Comella et al., 1994; Toth et al., 1997; Mazzoni and

Ford, 1999).   Early in the disease, patients may learn to adapt to their motor

deficits by employing alternate behavioral strategies that lead to even greater

dependence on less compromised motor systems (Lees, 1992), an observation

typical of animal neurological models (Schallert and Hall, 1988; Lees, 1992;

Jones and Schallert, 1994; Schallert and Tillerson, 2000; Whishaw, 2000).

We have recently shown that early forced use of the impaired forelimb in

rats unilaterally depleted of striatal DA results in amelioration of behavioral

deficits and substantial increases in striatal DA levels (Tillerson et al., 2001).

Consistent with these results, clinical application of physical therapy in the latter
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stages of PD results in improved function and life span (Bilowit, 1956; Knott,

1957; Franklyn et al., 1981; Szekely et al., 1982).  The combination of physical

activity leading to improvement in function and the observations of decreased

physical activity early in PD suggests that this decrease during degeneration of

striatal DA neurons may not only be a symptom of the degeneration, but may also

contribute to behavioral and neurochemical loss.  In other words, self-induced

disuse of the more affected motor areas, as is common in parkinsonian patients,

may increase dopaminergic damage. In the following experiments, we tested the

hypothesis that restraint of the affected forelimb in rats with mild subclinical

unilateral lesions to the nigrostriatal system would result in exacerbation of the

injury.  In addition, we examined whether forced disuse of the impaired forelimb

could unmask an injury previously assumed to have recovered.
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METHODS AND MATERIALS:

Animals

Fifty-six male hooded Long-Evans rats weighing between 350-450 grams

at the time of lesioning were used.  Animals were housed in groups of 3 in clear

Plexiglas cages containing sawdust, maintained on a 12 hr light/dark cycle, and

given food and water ad libitum.  Animals were gently handled at least twice a

week for 5 min for 1 month prior to surgery and behavioral testing.  All handling

and behavioral testing was performed during the animals’ dark cycle.  All

procedures were approved by the Institutional Animal Care and Use Committee

of the University of Texas, Austin in accordance with NIH Principles of

Laboratory Animal Care Guidelines.

Surgical Procedures

Animals were anesthetized with equithesin (25 mg/kg pentobarbital

(P3761, Sigma, St. Louis, MO) and 150 mg/kg chloral hydrate ((C8383, Sigma),

0.35 cc/100 gm, i.p.) followed by atropine sulfate  (0.1 mg/kg i.p.) (A0257,

Sigma) to facilitate respiration prior to being placed in the stereotaxic apparatus.

Animals also received desipramine HCl  (15 mg/kg, i.p.) (D3900, Sigma), a
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norepinephrine re-uptake inhibitor, 30 min prior to the infusion of 6-

hydroxydopamine hydrobromide (6-OHDA). 6-OHDA (5 µg/4 µl or 10 µg/ 4µL

(weight of 6-OHDA HBr), depending on group) (H8523, Sigma), a selective

neurotoxin for catecholamine neurons, was infused unilaterally (0.5 µl/min) into

the medial forebrain bundle (3.3 mm posterior and 1.8 mm to bregma, and 8.1

mm ventral to dura). Control-operated animals received all standard stereotaxic

surgical procedures up to, but not including, lowering of the infusion cannula.

After surgery, all animals were placed in an incubator to minimize hypothermia.

Forelimb Immobilization (Casting) Procedures and Treatment Groups

Animals were randomly assigned to one of 6 lesioned groups or 3 sham-

treated groups: (1) mild lesioned (5 µg) + no cast (n = 8), (2) mild lesioned +

contralateral cast on postoperative days 1-7 (n = 7), (3) severe lesioned (10 µg) (n

= 8), (4) severe lesioned + ipsilateral casts on postoperative days 1-7 (n = 7), (5)

severe lesioned + ipsilateral casts on postoperative days 1-7 followed by

contralateral casts on days 7-14 (n = 6), (6) severe lesioned + ipsilateral casts on

postoperative days 1-7 followed by contralateral casts on days 21-28 (n = 6),  (7)

sham + no casts (n = 6), (8) sham + ipsilateral cast 1-7 (n=4), (9) sham +

ipsilateral cast 1-7 and contralateral cast 7-14 (n = 4).  Casted groups were fitted

with casts composed of plaster of Paris designed to immobilize the designated



233

forelimb after surgery. Animals were allowed to recover to the point of moderate

consciousness (determined by orientation to whisker stimulation) prior to casting.

The ipsilateral forelimb was placed in a naturally retracted position against the

sternum, and strips of casting material were formed around the limb and upper

torso (Jones and Schallert, 1994).

Behavioral Testing

Limb-Use Asymmetry

Forelimb use during explorative activity was analyzed by videotaping rats

in a transparent cylinder (20 cm diameter and 30 cm height) for 5 min prior to

lesioning, and days 14, 21, 28, 35 and 40 post-lesion (for more complete

description see(Schallert and Tillerson, 2000; Tillerson et al., 2001).   Wall

exploration and landing scores were determined separately and each were

expressed in terms of (a) percent use of the non-impaired forelimb relative to the

total number of limb use movements, (b) the percent use of the impaired forelimb

relative to the total number of limb use movements, and (c) the percent co-use of

both limbs (simultaneous or alternating) relative to the total number of limb use

movements.  The percent use of the impaired forelimb was then subtracted from

the percent use of the non-impaired forelimb for exploration and landing.  These 2
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scores (wall and landing) were averaged together for a single limb-use asymmetry

score that corrected for inter-animal variability in the number of wall vs. landing

movements.

Vibrissae-Elicited Forelimb Placing

A vibrissae-elicited forelimb-placing test was used. Animals were held by

their torsos allowing forelimbs to hang free. Independent testing of each forelimb

was induced by gently brushing the respective vibrissae on the edge of a tabletop

once per trial for 10 trials. Intact animals place the forelimb of both sides quickly

onto the countertop. Rats with unilateral 6-OHDA treatment show varying

degrees of impaired limb placing ability, while still placing the unimpaired limb

reliably. Percentage of unsuccessful placing responses was determined ((number

placed contralaterally divided by the number placed ipsilaterally) x 10).  If an

animal struggled during testing, the data were not included in the overall analysis.

Test for Forelimb Akinesia

Movement initiation for each limb was assessed using the forelimb

akinesia test (previously described in (Schallert et al., 1992; Lindner et al., 1997;

Schallert and Tillerson, 2000; Tillerson et al., 2001). The hindquarters of the
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animals were suspended while the animal supported its weight on only one

forelimb. The animal was allowed to initiate stepping movements in a 10 sec

period for one forelimb and then the other in a balanced order.  Stepping measures

for both limbs were recorded and an ipsilateral asymmetry score was derived

((ipsilateral steps/ipsilateral plus contralateral steps) – contralateral

steps/ipsilateral plus contralateral steps).  If an animal struggled during testing,

the data were not included in the overall analysis.

Apomorphine Rotation

On day 18 post-lesion, the animals received an injection of the DA

receptor agonist, apomorphine (0.5 mg/kg, s.c.). Rats were then placed in a plastic

bowl and the number of rotations in a 20-min trial was recorded (Ungerstedt,

1971).

Neurochemical Analyses

Animals were anesthetized with carbon dioxide and decapitated 45 d post-

lesion to permit neurochemical analyses. Two groups of measurements were

made to assess the degree of terminal loss. First, DA and its metabolites were

measured by HPLC. Second, several proteins characteristic of DA terminals were
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measured by Western blot. These included the vesicular monoamine transporter

present in the CNS (VMAT2) and tyrosine hydroxylase (TH), the rate-limiting

enzyme in DA biosynthesis.

High Performance Liquid Chromatography

A 1-mm section of the striatum (+1mm to bregma) was dissected for both

the ipsilateral and contralateral hemispheres.   Dissected striata were assayed

using minor modifications of previous methods.  Tissue was sonicated in 0.1 M

HCLO2 perchloric acid containing 347 µM sodium bisulphite and 134 µM EDTA

disodium salt. Homogenates were centrifuged at 16,000 x g for 20 minutes at 4° C

and the supernatant removed. The supernatants were centrifuged at 16,000 x g and

the supernatants analyzed for levels of DA, 3,4-dihydroxiphenylacetic acid

(DOPAC), and homovanillic acid (HVA) by high performance liquid

chromatography (HPLC) (Column, HR-80, 4.6 mm x 8 cm, 4-channel

coulometric electrode array (Model 5600, ESA Inc, Chelmsford, MA) with

sensitivity to femtomole levels).  The mobile phase consisted of 16 mM citric acid

monohydrate, 32 mM ammonium acetate, 215 µM EDTA disodium salt, 850 µM

1-octanesulfonic acid sodium salt monohydrate (final pH 2.5) and 5% methanol

(delivered at a constant flow rate of 1 ml/min).  Quantification was made by
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reference to calibration curves made with standards of dopamine hydrochloride

(H8502, Sigma), DOPAC (D9128, Sigma) and HVA (H1252, Sigma).

Western Blot Analysis

Dopamine transporter (DAT), the vesicular monoamine transporter

(VMAT2) and tyrosine hydroxylase (TH) protein were measured to provide

additional indices of striatal DA terminal integrity.  Briefly, a 1-mm section of the

striatum (at the level of bregma) was dissected from both the ipsilateral and

contralateral hemispheres. Samples were homogenized in buffer (320 mM sucrose

and 5mM HEPES containing protease inhibitor cocktail). Homogenized samples

were centrifuged at 2,000 x g for 5 min, and supernatant centrifuged at 30,000 x g

for 30 min. The final pellet was resuspended in homogenization buffer and

subjected to polyacrylamide gel electrophoresis (NuPage, 10% InVitrogen).

Samples were electrophoretically transferred to a polyvinylidene difluoride

(PVDF) membrane, and non-specific sites blocked in 7.5% nonfat dry milk in

Tris-buffered saline (135 mM NaCl, 2.5 mM KCl, 50 mM Tris, and 0.1% Tween-

20, pH 7.4). Membranes were then incubated in a polyclonal antibody to the C-

terminus of VMAT2 (pAB VMAT2-Ct; AB1767, Chemicon, Temecula, CA) in

Tris-buffered saline with 2% nonfat dry milk. VMAT2 antibody binding was

detected using a goat anti-rabbit horseradish peroxidase secondary antibody (170-
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6515, Bio-Rad, Hercules, CA) and enhanced chemiluminescence (CG50450,

Pierce, Rockford, IL). The chemiluminescent signal was captured on an Alpha

Innotech ChemiImager (San Leandro, CA) and stored as a digital image.

Densitometric analysis was performed and calibrated to co-blotted dilutional

standards of control striata and exposures performed within the linear range.

Control striata for the standards were pooled from all non-casted sham animals.

Membranes were then stripped for 20 min at 80°C (8 M urea, 100 mM 2-

mercaptoethanol, and 62.5 mM Tris, pH 6.8) and re-probed with a monoclonal

antibody to the N-terminus of DAT (rat anti-dopamine transporter antibody

((Miller et al., 1997) (MAB369, Chemicon) (goat anti-rat secondary (56400, ICN,

Costa Mesa, CA)), a polyclonal TH antibody (rabbit anti-tyrosine hydroxylase

(AB152, Chemicon)), and alpha-tubulin ((T9026, Sigma) goat anti-mouse

secondary (170-6516, Bio-Rad).

Statistical Analysis

Behavioral observations were first subjected to an overall, repeated

measures ANOVA.  Dunnett’s post-hoc analysis compared each lesion group to

the collective sham group.   Neurochemical measures were analyzed by applying

a one-way ANOVA for group effect.  Bonferroni post-hoc comparisons of

neurochemical data compared each treatment group.  All post-hoc measures were
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error corrected to keep the overall error rate per group at 0.05.  Statistical analyses

were performed using SPSS 10.0 software.
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RESULTS

Behavioral effects of forced disuse in animals following mild unilateral

lesions

Limb-Use Asymmetry Test.

Casting of the impaired forelimb for the first 7 days post-lesion resulted in

an exacerbation of behavioral asymmetry (Figure 6.1A).  As expected,

immobilization of the forelimb in sham animals did not result in a significant

behavioral difference between sham groups (no cast, ipsilateral cast 1-7 and

ipsilateral cast 1-7/contralateral cast 7-14) (F (2, 11) = .182). Therefore, these

three groups were pooled.  Two-way ANOVA revealed a main effect for

treatment group (F (2, 26) = 62.397, p < .0001), day effect (F (5,130) = 9.099, p <

.0001), and a significant group by day interaction (F (10, 130) = 10.435, p <

.0001).  A Dunnett post-hoc analysis compared each lesion group to the pooled

sham group.  Animals given a unilateral 5 µg infusion of 6-OHDA were not

different from intact animals in the limb-use asymmetry task (p = .827).  In

contrast, animals forced to disuse the impaired limb following surgery through

day 7 displayed a significant limb-use asymmetry compared to both sham animals

(p < .0001), as well as lesion only animals (p < .0001).  Forced disuse of the
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Figure 6.1.  Limb-use asymmetry following forced disuse of the impaired
forelimb.  A.  Animals given mild unilateral lesions did not display
significant limb use asymmetry.  When animals are forced to disuse
the impaired forelimb for the first 7 days post-lesion, they
demonstrated limb-use asymmetry that persisted across testing days
(* p < .01 compared to control: control n = 14, lesion n = 8, lesion
disuse n = 7).  B.  Animals forced to rely on the impaired forelimb
for the first 7 days following severe unilateral lesioning did not
display characteristic limb-use asymmetry.  In contrast, when
animals are later forced to disuse the impaired forelimb following
recovery induced by forced use, asymmetrical limb use characteristic
of the high dose of 6-OHDA received at the time of surgery was
observed (* p < .01 compared to control: control n = 14, lesion only
n = 8, lesion forced use n = 7, lesion forced use 1-7; disuse 7 –14 n =
6; lesion forced use 1-7; disuse 21-28 n = 6).
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impaired forelimb during the first 7 days after mild 6-OHDA exposure resulted in

significant long-term limb use asymmetry.

Test for Forelimb Akinesia

Casting the impaired forelimb during the first week after mild 6-OHDA

insult resulted in significant long-term akinesia (Figure 6.2A).  There were no

significant differences among the three sham groups on akinetic scores, and these

three groups were pooled for further analysis (F (2, 10) = .259). An overall two-

way ANOVA revealed a main effect for treatment group (F (2, 22) = 74.074, p <

.0001), for day (F (5, 110) = 3.994, p < .01), and a significant group by day

interaction (F (10, 110) = 3.584, p < .001). As in the limb-use asymmetry

analysis, primary interest lay in comparing each group to the pooled sham group.

Post-hoc analyses again revealed that in contrast to mild lesion animals and sham

controls, animals forced to disuse the impaired limb during the time of

degeneration showed significant akinesia (p < .0001). Therefore, forced disuse of

the impaired forelimb significantly increased akinesia.
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Figure 6.2.  Forelimb askinesia following forced disuse of the impaired forelimb.
A.  Animals given mild unilateral lesions did not display significant
forelimb akinesia.  When animals were forced to disuse the impaired
forelimb for the first 7 days post-lesion, they demonstrated forelimb
akinesia that persisted across testing days (* p < .01 compared to
control: control n = 14, lesion n = 8, lesion disuse n = 7).  B.
Animals forced to rely on the impaired forelimb for the first 7 days
following severe unilateral lesioning did not display characteristic
forelimb akinesia.  In contrast, when animals were later forced to
disuse the impaired forelimb following recovery induced by forced
use, marked forelimb akinesia characteristic of the amount of
neurotoxin sustained during surgery was observed (* p < .01
compared to control: control n = 14, lesion only n = 8, lesion forced
use n = 7, lesion forced use 1-7; disuse 7 –14 n = 6; lesion forced use
1-7; disuse 21-28 n = 6).
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Forelimb Placing

Casting the impaired forelimb during the first week post-lesion resulted in

significant placing deficits (Figure 6.3A).  As with the other analyses, sham

groups were pooled because statistical analysis indicated that they did not differ

(F (2,10) = 1.059). An overall two-way ANOVA revealed a main effect for

treatment group (F (2, 22) = 22.825, p < .0001), for day (F (5, 110) = 3.088, p <

.02), and a significant group by day interaction (F (10, 110) = 3.880, p < .001).

Unlike lesioned animals that were not casted, animals forced to disuse the

impaired limb for the first 7 days following insult displayed significant placing

deficits (p < .0001).  Again, early forced disuse of the impaired forelimb resulted

in significant behavioral loss.
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Figure 6.3.  Forelimb placing following forced disuse of the impaired forelimb.
A.  Animals given mild unilateral lesions did suffer placing deficits.
When animals were forced to disuse the impaired forelimb for the
first 7 days post-lesion, they demonstrated significant placing
deficits that persisted across testing days (* p < .01 compared to
control: control n = 14, lesion n = 8, lesion disuse n = 7).  B.
Animals forced to rely on the impaired forelimb for the first 7 days
following severe unilateral lesioning did not display characteristic
placing deficits.  In contrast, when animals were later forced to
disuse the impaired forelimb following forced use induced recovery,
occurrence or reinstatement of placing inability was observed (* p <
.01 compared to control: control n = 14, lesion only n = 8, lesion
forced use n = 7, lesion forced use 1-7; disuse 7 –14 n = 6; lesion
forced use 1-7; disuse 21-28 n = 6).
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Neurochemical loss following forced disuse in animals with mild lesions

Percent DA Remaining in the Lesioned Striatum

The percent DA, DOPAC, and HVA remaining in the lesioned hemisphere

was calculated by dividing the amount of each compound in the striatum of the

lesioned hemisphere by the content of the striatum in the non-lesioned

hemisphere.  No significant differences were found in DA, DOPAC or HVA

measures in the non-lesioned hemisphere  (see Table 6.1 for mean levels).

Neurochemical analysis revealed a significant increase in striatal DA loss in

lesioned animals forced to disuse the impaired forelimb for the first 7 days

following injury (Figure 6.4a).  No significant differences were found between

sham groups (DA (F (2,11) = 1.549); DOPAC (F (2,11) = .613); HVA (F (2,11) =

.719)), therefore these three groups were combined.  A one-way ANOVA

indicated a significant group effect for DA content and its metabolites (DA: F (2,

26) = 37.080, p < .0001; DOPAC: F (2,26) = 7.969, p < .01; HVA: F

(2,26)=36.131, p < .0001). Post-hoc analysis revealed that DA levels were

significantly declined in the lesion only group compared to sham (p < .05).

Further analysis showed significant declines in DA, DOPAC and HVA

levels in lesioned/casted animals compared to sham animals (DA: p < .0001;

DOPAC: p<.01; HVA:  p<.001).   In addition, these animals had significant

reductions compared to lesion only animals in DA (p < .0001) and HVA (p <
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.001).  No significant differences in DOPAC/DA ratios were found between

groups (F (2,26) = 1.604).  Therefore, forced disuse of the impaired limb not only

leads to significant behavioral impairments, but also results in exacerbation of

striatal DA loss.

Changes in striatal DA terminal proteins

The percent DAT, VMAT2, and TH remaining in the lesioned hemisphere

were calculated by dividing level in the striatum of the lesioned hemisphere by

the level of the striatum in the non-lesioned hemisphere (see Table 6.2 for mean

levels).  No significant differences were found between sham groups (DAT: (F

(2,10) = .860); VMAT2 (F (2,10) = .098); TH (F (2,10) = .912)), therefore these

groups were combined for further analyses.

Significant losses in DAT (F (2,22) = 12.804, P < .0001) were found

between treatment groups.  Post-hoc analysis found a significant decline in

reactivity in animals forced to disuse the impaired limb when compared to both

sham animals (p < .0001) and lesion only animals (p< .02).  A significant overall

group effect was seen in VMAT2 levels (F (2,22) = 14.482, p < .0001).  The

characteristic 3 immunoreactive VMAT2 bands were observed at 75, 55 and 45

kDa.  The 75 kDa (glycosylated), active VMAT2 band was quantified (Miller et

al., 1999b).  Post-hoc analysis revealed a significant loss for animals forced to
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disuse the impaired limb when compared to both sham (p < .0001) and lesion only

groups (p < .01).  Finally, a significant overall group effect was seen in TH

immunoreactivity (F (2,22) = 10.497, p < .01).  As with DAT and VMAT2,

animals forced to disuse the impaired forelimb had significantly less reactivity

compared to sham (p < .01) and lesion only groups (p < .01) (Figure 6.4B and C).

Tubulin blots reflected equal loading of samples across treatment groups (data not

shown).
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Figure 6.4.  Effect of forced disuse of the impaired forelimb on the nigrostriatal
DA system.  A.  A 5 µg infusion of 6-OHDA resulted in only a mild
loss of DA and HVA in striatal tissue when values were compared to
the intact hemisphere.  In contrast, forced disuse of the impaired
forelimb for the first 7 days post-lesion resulted in significantly
greater loss of DA and its metabolites when compared to both sham
and to animals lesioned but not casted.  B.  Immunoreactivity of
DAT, VMAT2 and TH were not reduced following mild lesioning
(calculated as percent remaining in lesion hemisphere).  In contrast,
forced disuse of the impaired forelimb for the first 7 days post-
lesioning resulted in significant declines in DAT, VMAT2 and TH
immunoreactivity (* p< .01 from sham, + p< .01 from lesion only:
control n = 14, lesion n = 8, lesion disuse n = 7).  C.  Representative
blots of VMAT2, DAT and TH for sham, mild and mild disuse
groups.  D.  A 10 µg infusion of 6-OHDA resulted in severe
lesioning as reflected by significant decrease in the percent
remaining of DA, DOPAC and HVA.  Forced use of the impaired
forelimb for the first 7 days post-lesion resulted in amelioration of
these losses, but subsequent disuse of the impaired forelimb on days
7-14 or 21-28 resulted in a reinstatement of lesion induced losses.  E.
Immunoreactivity of DAT, VMAT2 and TH was significantly
reduced following a 10 µg unilateral lesion, but the reactivity of
these proteins was significantly increased following forced use of the
impaired forelimb for the first 7 days post-lesion.  A subsequent
period of disuse following forced use resulted in decreased
immunoreactivity of DAT, VMAT2 and TH (* p< .01 from sham, +
p< .01 from lesion only: control n = 14, lesion only n = 8, lesion
forced use n = 7, lesion forced use 1-7; disuse 7 –14 n = 6; lesion
forced use 1-7; disuse 21-28 n = 6).  F.  Representative blots of
VMAT2, DAT and TH for animals subjected to a severe lesion only,
severe lesion + forced use on days post-operative days 1-7, and
severe lesion plus forced use on days 1-7, followed by disuse on
days 21-28.
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Table 6.1.  Mean levels of HPLC Analysis.  * = significantly different from sham
group <.05.  No significant differences were found in the non-lesion
hemispheres.
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DA         DOPAC HVA
Les                  Ctrl                  Les                  Ctrl                  Les                  Ctrl
Sham
4307.84   3961.82 1837.95 1823.59 744.64          844.24
(138.56) (184.29) (282.86) (239.09) (282.86)       (282.86)
Mild
4750.99 5656.94 970.74 1151.91 494.55          548.45
(702.30) (1040.05) (131.13) (119.76) (85.28)        (110.90)
Mild Disuse
2454.71* 5788.37 864.10* 1953.84 234.20*       1021.86
(568.49) (502.17) (280.32) (529.94) (49.82)        (193.83)
Severe
332.31* 3705.45 1138.35 2821.76 276.38          960.18
(166.24) (759.20) (485.89) (522.18) (67.36)        (236.94)
Severe Forced Use
2770.14* 2921.69 2754.52 1848.54 663.19           559.71
(424.30) (360.34) (513.15) (283.54) (60.63)         (46.32)
Severe Use 1-7/Disuse 7-14
2454.71* 5788.37 864.10 1953.84 234.20        1021.86
(568.49) (502.17) (280.32) (529.94) (49.82)        (193.83)
Severe Use 1-7/Disuse 21-28
1247.87* 3630.12 1112.91 2662.63 492.66          787.38
(643.97) (959.97) (557.07) (564.27) (144.9)        (111.02)
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Table 6.2.  Mean Immunoreactivity of DA Terminal Markers. * = significantly
different from sham group <.05.
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DAT VMAT2 TH
Les                  Ctrl                  Les                  Ctrl                  Les                  Ctrl
Sham
29.44 27.56 27.16 24.82 22.70 22.96
(1.24) (1.29) (2.77) (2.32) (1.75) (2.15)
Mild
32.13 34.07 32.09 33.95 23.88 22.35
(0.18) (2.57) (2.08) (5.25) (2.26) (0.89)
Mild Disuse
17.40* 30.55 8.35* 27.50 12.14 23.67
(2.13) (0.39) (2.48) (2.14) (4.18) (2.23)
Severe
3.15* 13.67 1.43* 12.36 4.12* 16.19
(1.33) (3.11) (0.97) (2.65) (1.12) (3.36)
Severe Forced Use
11.25 17.15 14.40 19.84 18.85 24.47
(2.57) (1.88) (1.08) (2.18) (2.71) (3.99)
Severe Use 1-7/Disue 7-14
12.38 22.61 8.32* 14.41 11.50 24.78
(4.40) (5.45) (2.37) (2.61) (2.70) (4.47)
Severe Use 1-7/Disuse 21-28
10.09 18.95 4.59* 10.99 6.91* 17.01
(3.76) (4.48) (2.82) (2.77) (2.90) (1.36)
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Behavioral effects of delayed forced disuse in animals previously “recovered”

(neuroprotection via forced reliance) from severe dopaminergic lesion

Limb-Use Asymmetry Test.

Seven days of forced disuse of the impaired forelimb beginning 7 or 21

days after behavioral recovery induced by forced reliance on the impaired limb

resulted in a reinstatement of lesion induced behavioral asymmetry (Figure 6.1B).

Two-way ANOVA revealed a main effect for treatment group (F (4, 38) = 19.4, p

< .0001), day effect (F (5,190) = 21.729, p < .0001), and a significant group by

day interaction (F (20, 190) = 9.5, p < .0001).  A Dunnett post-hoc analysis

compared each lesion group to the pooled sham group.

Animals that received a severe unilateral lesion demonstrated significant

behavioral asymmetry that persisted across testing days compared to sham

animals (p < .0001).  As previously demonstrated (Tillerson et al., 2001), forced

reliance of the impaired forelimb for the first 7 days following a severe unilateral

6-OHDA lesion resulted in behavioral asymmetry, thus no difference in limb-use

asymmetry compared to sham controls was seen in this group (p = .731).  When

animals forced to rely on the impaired limb for 7 days post-injury were later

forced to disuse the impaired limb, a reinstatement of behavioral asymmetry was
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observed (forced use during days 1-7, followed by disuse 14-21, p < .001; forced

use during days1-7, disuse on days 21-28, p < .0001).  Thus, forced disuse of the

impaired forelimb following forced use induced behavioral recovery resulted in a

reinstatement of the behavioral asymmetry.

Test for Forelimb Akinesia

Animals that had shown the ameliorative effects of 7 days of forced use of

their impaired limb were then subjected to a cast on that limb for 7 days

beginning on postoperative day 7 or 21.  Such forcing of disuse of the impaired

forelimb resulted in a reinstatement of lesion -induced akinesia (Figure 6.2B).

Two-way ANOVA revealed a main effect for treatment group (F (4, 35) = 24.412,

p < .0001), day effect (F (5,175) = 33.794, p < .0001), and a significant group by

day interaction (F (20, 175) = 9.323, p < .0001).  Post-hoc analysis reflected

severe forelimb akinesia in animals that received a severe unilateral lesion

compared to sham animals (p < .0001).

No difference was observed between animals forced to use their impaired

limb and sham-lesioned control animals (p = .888), a finding consistent with our

previously demonstration (Tillerson et al., 2001).  However, when animals forced

to rely on the impaired limb for 7 days post-injury were later forced to disuse the

impaired limb, a reinstatement of behavioral asymmetry was observed (forced use
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on days 1-7, followed by disuse 14-21, p < .0001; forced use on days 1-7,

followed by disuse 21-28, p < .0001).  Thus, forced disuse of the impaired

forelimb following forced use-induced behavioral recovery resulted in akinesia.

Forelimb Placing

Forcing disuse of the impaired forelimb on days 7-14 or days 21-28 after

forced use induced behavioral recovery resulted in a reinstatement of lesion

induced placing deficits (Figure 6.3B).  Two-way ANOVA revealed a main effect

for treatment group (F (4, 35) = 32.138, p < .0001), day effect (F (5,175) = 19.46,

p < .0001), and a significant group by day interaction (F (20, 175) = 7.650, p <

.0001).  Post-hoc analysis reflected a significant placing deficit in animals that

received a severe unilateral lesion compared to sham animals (p < .0001).  In

contrast, forced reliance of the impaired forelimb for the first 7 days following a

severe unilateral 6-OHDA lesion resulted in amelioration of the placing deficit (p

= .990).  When animals forced to rely on the impaired limb for 7 days post-injury

were later forced to disuse that limb, a reinstatement of the deficit typically

associated with this high dose of 6-OHDA was observed (forced use on days 1-7,

followed by disuse 14-21, p < .0001; forced use on days 1-7, followed by disuse

on days 21-28, p < .001).  Thus, forced disuse of the impaired forelimb following
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forced use that would have rendered that forelimb unimpaired chronically resulted

in an inducement of the placing deficit.

Apomorphine Rotation

A subset of animals in the sham and severe lesion groups were tested for

apomorphine rotation on day 18 post-lesion.  In addition, animals casted to

promote forced use on days 1-7 and then exposed to disuse on days 21-28 were

tested on day 35 post-lesion.  An overall significant group effect was found in

apomorphine induced contralateral rotation (F (5,31) = 12.294, p < .0001) (Figure

6.5A and B).  Post-hoc analysis revealed significantly higher rotation in the lesion

only group compared to shams (p < .05).  Animals forced to rely on the impaired

forelimb for the first 7 days post-lesion did not display significant rotation (p =

1.0).  In contrast, forced reliance on the impaired limb on days 1-7 post-lesion,

followed by forced disuse on days 7-14 yielded severe apomorphine rotation (p <

.05).  When animals forced to use their impaired limb on days 1-7 and

subsequently forced to disuse that limb on days 21-28 were tested prior to the

second cast ( day 18 post-lesion), they did not display significant rotation (p =

1.0).  However, when these animals were again tested after the forced disuse (on

day 35 post-lesion) strong contralateral rotation was measured (forced use 1-7;
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Figure 6.5.  Apomorphine-induced rotation in following forced disuse in animals
with recovery of function following forced use of the impaired limb
A. Unilateral, 10µg infusion of 6-OHDA resulted in significant
contralateral rotation following apomorphine administration 18 days
post-lesion.  Forced use of the impaired forelimb for the first 7 days
post-lesioning resulted in an absence of apomorphine-induced
rotation.  When animals were forced to disuse the limb on days 7-14
following a 7-day period of forced use, they displayed significant
apomorphine rotation.  B.  Animals forced to rely on the impaired
forelimb for the first 7 days following lesioning and later had the
impaired forelimb casted on days 21-28, did not display significant
apomorphine-induced rotation 18 days post-lesion.  In contrast,
when tested on day 35 post-lesion (following the period of disuse),
these animals displayed significant contralateral rotation (* p < .05
compared to shams: + p < .01 compared to day 18: control n = 10,
lesion only n = 7, lesion forced use n = 7, lesion forced use 1-7;
disuse 7 –14 n = 5; lesion forced use 1-7; disuse 21-28 n = 4).
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disuse 21-28 tested on day 35 vs. sham, p < .0001; vs. tested on day 18, p <

.0001).

Neurochemical loss following delayed forced in animals previously

“recovered” from severe DA lesion

Percent DA Remaining in the Lesioned Striatum

The percent DA, DOPAC, and HVA remaining in the lesioned hemisphere

was calculated by dividing the amount of each compound in the striatum of the

lesioned hemisphere by the content of the striatum in the non-lesioned hemisphere

(see Table 6.1 for mean levels).

When animals are forced to rely on the impaired forelimb for the first 7

days following a 10 µg infusion of 6-OHDA, an attenuation of striatal DA loss

was measured on day 45 post-lesion.  In contrast, animals that were forced to rely

on the impaired forelimb for the first 7 days following injury followed by disuse

of the impaired forelimb, either on days 7-14 or 21-28, no sparing of DA

measures were found in the striatum on day 45 post-lesion (Figure 6.4D).  One-

way ANOVA indicated a significant group effect for DA content and its

metabolites (DA: F (4, 35) = 41.283, p < .0001; DOPAC: F (4,35) = 11.738, p <
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.001; HVA: F (4.35)=8.565, p < .001). Post-hoc analysis revealed that DA (p <

.001), DOPAC (p < .01) and HVA (p < .001) levels were significantly declined in

the severe lesion only group compared to sham.  In contrast, animals forced to

rely on the impaired limb for the first 7 days post-lesion did not differ in the

extent of their DA loss (p = .537), DOPAC (p = .076) and HVA (p = .951)

compared to sham animals.  When animals forced to rely on the impaired limb for

the first 7 days post-lesion were later forced to disuse the impaired limb,

significant losses in DA (forced use 1-7 followed by disuse 7-14: p < .001: forced

use 1-7; disuse 21-28: p < .01), DOPAC (forced use 1-7; disuse 21-28: p < .01),

and HVA were measured (forced use 1-7 followed by disuse 21-28: p < .01).  A

significant overall effect in DOPAC/DA ratios was also measured (F (4, 35) =

6.408, p = .001).  Significant increases in this ratio were measured in lesion

animals that were not casted (p < .01) and in lesion animals subjected to forced

use on days 1-7 and then forced to disuse on days 21-28 (p < .01) as compared to

sham controls.  Thus, forced disuse of the impaired forelimb after a period of

forced use induced recovery yielded a lesion induced striatal DA content and

metabolite loss that was consistent with that expected by the high level of

neurotoxin endured at the time of surgery.
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Western Blot

The percent DAT, VMAT2, and TH remaining in the lesioned hemisphere

were calculated by dividing the level in the striatum of the lesioned hemisphere

by the level of the striatum in the non-lesioned hemisphere (see Table 6.2 for

mean levels). Significant losses in DAT (F (4,35) = 17.744, P < .0001) in the

striatum of rats that received 10 µg of 6-OHDA were found between treatment

groups (Figure 6.4E and F).  Post-hoc analysis found a significant decline in

reactivity in lesion only animals (p < .001).  Animals forced to rely on the

impaired limb for the first 7 days post-lesion also displayed decreased

immunoreactivity when compared to sham controls (p < .01).  However, these

animals also displayed a significant increase in DAT reactivity when compared to

lesion only groups (p < .05) reflecting the neurochemical improvement following

forced reliance on the impaired forelimb.  Animals forced to rely on the impaired

limb for the first 7 days post-lesion then disuse the same limb on days 7-14 had

significant declines in DAT reactivity compared to shams (p < .001), as did

animals in the forced use 1-7; disuse 21-28 group (p < .001).

A significant overall group effect was seen in VMAT2 levels (F (4,35) =

29.859, p < .0001).  Post-hoc analysis found a significant decline in reactivity in

lesion only animals (p < .001).  In addition, animals forced to rely on the impaired

limb for the first 7 days post-lesion also displayed decreased immunoreactivity
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when compared to sham controls (p < .02).  But, these animals also display a

significant increase in VMAT2 reactivity when compared to lesion only groups (p

< .001) reflecting the neurochemical improvement following forced reliance on

the impaired forelimb.  Animals forced to rely on the impaired limb for the first 7

days post-lesion then disuse on days 7-14 have significant declines in VMAT2

reactivity compared to shams (p < .001), as did animals in the forced use 1-7;

disuse 21-28 group (p < .001).

Finally, a significant overall group effect was seen in TH

immunoreactivity (F (4,35) = 14.754, p < .0001).  As with DAT and VMAT2,

lesion only animals had significantly less reactivity compared to sham (p <

.0001), as did lesion forced use 1-7; disuse 7-14 (p < .0001) and forced use 1-7;

disuse 21-28 (p < .001) (Figure 6.4E and F).  Animals forced to rely on the

impaired forelimb for the first 7 days post-injury only, also had decreased TH

reactivity compared to sham controls, but did display significantly more TH

reactivity compared to lesion only animals, again reflecting the induced striatal

neuroplasticity following forced use of the impaired forelimb alone.  Tubulin

blots reflected equal loading of samples across treatment groups (data not shown).
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DISCUSSION

An overall decrease in physical activity has been suggested as an early

feature of PD, occurring years prior to the first appearance of diagnostic

symptoms (Fertl et al., 1993; Comella et al., 1994; Toth et al., 1997; Mazzoni and

Ford, 1999).  Indeed, this decline in activity is reflected in animal models of the

disease (Schallert and Hall, 1988; Lees, 1992; Schallert and Tillerson, 2000).  On

the other hand, increased physical activity has been found to improve motor

ability and increase life span in patients in the latter stages of their disease

(Bilowit, 1956; Knott, 1957; Franklyn et al., 1981; Szekely et al., 1982; Palmer et

al., 1986; Hurwitz, 1989; Toole et al., 2000).  In addition, several recent studies

have demonstrated the positive effects of forced movement in animal models PD

(Tillerson et al., 2001), as well as other forms of CNS injury (Jones and Schallert,

1994; Stroemer et al., 1995; Bury et al., 2000; Carro et al., 2001; Tillerson et al.,

2001).  For example, we have recently shown that exclusive forced reliance on the

impaired forelimb for the first 7 days following unilateral 6-OHDA insult resulted

in decreased striatal DA loss and recovery from behavioral asymmetries

(Tillerson et al., 2001).  The combination of findings of decreased physical

activity during the early phases of PD and current research demonstrating the

positive effects of increased physical activity in both animal models of PD and

PD patients led us to hypothesize that decreased physical activity may not only be
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a symptom of dopaminergic damage, but may also contribute to behavioral and

neurochemical degeneration.  In this paper, we first examined the effects of forced

restraint of the impaired forelimb in animals with mild unilateral 6-OHDA

lesions.  We demonstrated that forced disuse of the impaired forelimb for the first

7 days post-lesion exacerbates long-term behavioral impairments and

neurochemical damage.

Sensitive behavioral measures that are significantly correlated to striatal

DA content (Schallert and Tillerson, 2000; Tillerson et al., 2001) were performed

up to day 40 post-lesion.  Animals given mild lesions did not display detectable

behavioral impairments on any of the tests, a result that would be expected with

such mild DA insult.  However, animals given the same mild dose of 6-OHDA

along with restraint of the impaired forelimb for the first 7 days post-lesion

displayed significant behavioral deficits that persisted across testing days (see

Figures 6.1A, 6.2A and 6.3A).  In addition to increased behavioral impairments,

evaluation of the nigrostriatal system by HPLC analysis and western blot analysis

for DAT, VMAT2 and TH, showed significant increases in neurochemical

damage in animals forced to disuse the impaired forelimb during the first 7 days

post-lesion (see Figures 6.4A, B and C).

In addition, in rats exposed to a larger dose of 6-OHDA we tested the

effects of forced disuse following the protective effects of forced use.  As
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previously demonstrated (Tillerson et al., 2001), we found that forced use of the

impaired forelimb for the first 7 days after insult resulted in behavioral sparing

(see Figures 6.1B, 6.2B and 6.3B, 6.5) and increased striatal DA levels (Figure

4D).   Immunoreactivity in forced use animals for DAT, VMAT2 and TH was

also significantly increased, though we did detect a decline in DAT reactivity as

compared to sham control (see Figure 6.4E and F).  In contrast, marked

behavioral deficits (see Figures 6.1B, 6.2B, 6.3B, and 6.5) and neurochemical

deficits (Figures 6.4D, E, and F) were observed in forced use animals that were

subjected to delayed forced disuse of the impaired forelimb.

These findings suggest three points that may be important to PD research.

First, decreased physical activity during the degenerative process exacerbates

behavioral and neurochemical loss in unilateral parkinsonian rats, and the window

of opportunity for this action was found to be remarkably long.  Previous research

found alterations in behavioral, structural and/or neurochemical recovery

following forced inactivity in other models of CNS injury (Morgan et al., 1983;

Bland et al., 2001), but to our knowledge this is the first study to demonstrate the

exacerbation of striatal DA neuron damage following decreased physical activity.

Second, these findings caution that a reinstatement of a sedentary lifestyle

following treatment with physical activity may result in a return to pretreatment

condition.  Finally, our results demonstrate that forced reliance on the impaired
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forelimb for the first 7 days following severe 6–OHDA lesion, does not result in

an intact (non-vulnerable) dopaminergic system.  As previously reported forced

use of the impaired forelimb for the first 7 days following a severe unilateral

nigrostriatal lesion leads to significant sparing of function and neurochemical

integrity, but sparing remains vulnerable and dependent on the continued use of

the impaired forelimb throughout the testing cycle.  Animals forced to disuse the

impaired forelimb, even after showing behavioral sparing and no apomorphine

induced rotation, had a reinstatement of the lesion induced behavioral and

neurochemical deficits.  It is also possible that during the aging process, when

activity naturally declines, some of the behavioral asymmetries may reappear in

animals with forced reliance induced recovery (Schallert, 1983, 1988; Schallert

and Hall, 1988).  Moreover, since PD typically occurs in the later stages of life,

the role of aging-related physical activity in the disease process may be worth

exploring.
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Use-dependent behavioral and neurochemical asymmetry in
MPTP mice7

ABSTRACT

Early in Parkinson’s disease (PD) physical activity becomes difficult resulting in

a more sedentary lifestyle.  Clinical and experimental studies have found that

increased activity following striatal dopamine loss leads to increased motor

function.  Decreased physical activity early in PD along with findings that

increased physical activity results in functional improvement suggested to us that

decreased physical activity during the period of nigrostriatal degeneration may not

only be a symptom of the injury, but may also act to potentiate the degeneration.

Using the bilateral MPTP mouse model of PD, we restricted use of one forelimb

for the first 7 days post-injection.  This transient behavioral manipulation during

the period of dopamine degeneration resulted in a permanent deficit of the

forelimb.  This was manifested as sustained asymmetrical use of the forelimbs

during wall exploration, as well as a neurochemical imbalance between striatal

hemispheres measured by immunoreactivity of the dopamine terminal markers,

DAT, VMAT2 and TH.

                                                  
7 Jennifer L. Tillerson, W. Michael Caudle, Maria E. Reveron & Gary W. Miller, submitted.
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Both Parkinson’s disease patients and animals depleted of striatal

dopamine (DA) display significant reductions in physical activity (Fertl et al.,

1993; Toth et al., 1997; Mazzoni and Ford, 1999).  Clinical and experimental

research has shown that increased physical activity in both patients and animal

models of PD results in improved motor function and increased striatal DA

concentrations (de Goede et al., 2001; Tillerson et al., 2001).  The combination of

physical activity leading to improvement in function and the observations of

decreased physical activity soon after DA depletion suggests that decrease

movement during degeneration of striatal dopamine neurons may not only be a

symptom of the degeneration, but may also contribute to behavioral and

neurochemical loss.  We have recently found that forced disuse of the impaired

forelimb in rats with mild unilateral nigrostriatal lesions resulted in a formation of

behavioral asymmetry, and an exacerbation of striatal dopamine loss (Tillerson et

al., submitted).  In this paper, we measured the effects of altered use of the

forelimbs during the period of degeneration in retired breeder C57BL/6j male

mice given a systemic injection of MPTP.

Use of one forelimb was restricted with a unilateral plaster of paris cast

(Tillerson et al., 2001) for the first 7 days following administration of either 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydrochloride (MPTP) (7.5 mg/kg

with an inter-injection interval of 12 hours) (M0896, Sigma, St. Louis, MO) or
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saline in retired breeder C57BL/6j    mice.  Twenty-four animals were sacrificed

on day 7 post-injection to measure use-dependent neurochemical changes during

the period of altered behavioral demand.  Both left and right striatal samples at

+1mm bregma were processed for analysis of dopamine and its metabolites using

high performance liquid chromatography (HPLC).  Bilateral striatal samples at

bregma were also dissected for Western blot analysis of dopamine terminal

markers: the dopamine transporter (DAT), the vesicular monoamine transporter

(VMAT2) and tyrosine hydroxylase (TH) (Miller et al., 1997; Miller et al., 1999b;

Tillerson et al., 2001).  MPTP administration resulted in significant bilateral

dopamine and metabolite loss (% loss compared to control + SEM) in both

uncasted  (DA 68.92 (2.84), DOPAC 39.02 (5.29), HVA 33.05 (12.76)) and

casted MPTP groups (DA 64.64 (1.63), DOPAC 37.86 (5.07), HVA 35.32 (6.14))

as measured by one way ANOVA for group followed by Dunnett post-hoc

analysis comparing each group to saline controls (Bonferroni corrected to keep

significant error rate < .05).  No significant changes in casted saline controls

compared to noncasted saline animals were recorded.  In addition, no differences

between MPTP treatment groups were measured.  Previous work examining the

effects of forced disuse of the impaired forelimb in unilateral 6-OHDA animals

found no decrease in overall striatal DA content following disuse of the impaired

limb when animals were given doses of 6-OHDA resulting in a > 70% DA loss
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(Tillerson et al., 2001).  Disuse-induced decrease in overall dopamine content was

observed when mild DA-loss was induced (Tillerson et al., submitted).  Thus,

given the robust striatal DA depletions observed following MPTP only

administration in the experiments in this report, it is not surprising that we did not

detect disuse-induced exacerbation of DA depletions.

Further analysis of striatal dopamine terminal markers using western blot

analysis of DAT, VMAT2 and TH revealed lateralization, a within-animal

asymmetry between striatal hemispheres, of the dopamine system dependent on

limb-use in both saline and MPTP casted animals on day 7 post-injection (Figure

7.1 A, C  & E).  Unilateral casting in saline treated animals resulted in

significantly increased immunoreactivity of DAT (F (1,10) = 14.908, p < .01) and

a trend towards increased reactivity in TH (F (1,10) = 4.40, p = .06) in the

hemisphere corresponding to the forced use as compared to the hemisphere

corresponding to disuse. Use-dependent changes observed during the period of

altered behavior in saline treated animals suggest that alterations in physical

activity alone can result in transient neurochemical alterations in the striatal

dopamine system, similar to what is seen following acute exercise in numerous

neurotransmitter systems (Meeusen and De Meirleir, 1995).  The combination of

unilateral behavioral manipulations and MPTP exposure resulted in decreased

immunoreactivity of DAT (F (1,10) = 27.593, p < .001), VMAT2 (F (1,10) =
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8.212, p < .02) and TH (F (1,10) = 7.271, p < .03) in the hemisphere

corresponding to the disuse in casted animals exposed to MPTP on day 7 post-

injection (Figure 7.1 A, B & C).  Therefore, the combination of injury and

decreased use resulted in a within animal worsening of DA terminal loss

compared to the hemisphere corresponding to use.

To measure long-term behavioral and neurochemical alterations, 24 mice

had their casts removed on day 7 post-injection.  Behavioral analysis of limb-use

asymmetry during spontaneous exploration on the wall of a glass beaker (8 cm

diameter) for 5 min. was performed prior to experimental treatment and on days

10, 14, 21 and 28 post-injection (Schallert and Tillerson, 2000).  Briefly, wall

exploration was expressed in terms of (a) percent use of each independent

forelimb relative to the total number of limb use movements, and (b) the percent

co-use of both limbs (simultaneous or alternating) relative to the total number of

limb use movements.  The percent use of the “disused” forelimb was then

subtracted from the percent use of the non-casted forelimb.  Animals that received

MPTP + unilateral casts displayed significant limb-use asymmetries that persisted

across testing days (Figure 7.1G) (Overall group X day interaction (F (8,84) =

2,910, p < .01); pretest measures were not different between testing groups, and

subsequent elimination of this time point resulted in a loss of the interaction and

an overall group effect (F (2,21) = 6.642, p < .01).  Dunnett post-hoc of treatment
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vs. control group revealed a significant overall behavioral difference between

control animals and MPTP + cast (p<. 01) reflecting the sustained asymmetry of

forelimb use in MPTP + cast animals.  No significant difference between the two

control groups was found in measures of limb-use asymmetry (F (1,9) = .004),

thus they were combined for the overall analysis.

In addition to limb-use asymmetry, response to apomorphine

administration (.25 mg/kg) was assessed on day 14 post-injection.  Administration

of apomorphine to rodents unilaterally depleted of >80% striatal dopamine (an

80% difference between hemispheres) results in rotation contralateral to the

lesioned hemisphere (Ungerstedt, 1971).  Since the asymmetries between striatal

hemispheres in the MPTP  + cast mice were only 30-50%, apomorphine

administration did not result in robust rotation, but administration did result in a

pronounced curvature of the body in MPTP + unilateral cast animals as assessed

by an observer blind to experimental group (Figure 7.1H).  Apomorphine

response was analyzed using chi-square, 0 = no detectable postural curve and 1 =

curving of the torso in response to apomorphine (Chi squared = 12.643, P < .01).

This unique response to apomorphine by the MPTP + unilateral cast group further

emphasized the asymmetry of DA transmission within these animals.

Animals were sacrificed on day 30 post-injection and tissue subjected to

the same neurochemical analysis as animals sacrificed on day 7.  As seen in the
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day 7 animals, HPLC analysis revealed significant bilateral loss of DA and HVA

(% loss compared to control + SEM) uncasted  (DA 50.34 (10.28) & HVA 9.28

(3.15)) and casted MPTP groups (DA 52.06 (3.43) & HVA 21.51 (7.39)) as

measured by one way ANOVA for group followed by Dunnett post-hoc analysis

comparing each group to saline controls (Bonferroni corrected to keep significant

error rate < .05). Immunoreactivity of dopamine terminal markers revealed

sustained asymmetry in MPTP + cast animals for both DAT (F (1,12) = 4.760, p =

.05) and TH (F (1,12) = 4.869, p < .05) (Figure 7.1B, D & F).  Thus, transient

asymmetrical alterations in behavior during the period of degeneration in MPTP

mice resulted in sustained behavioral and neurochemical asymmetry.

Animals treated with MPTP and exposed to lateralized use of the

forelimbs not only displayed neurochemical changes during the period of altered

behavioral demand, but these alterations persisted up to day 30 post-injection (3

weeks after the removal of the unilateral cast).  In addition, these animals

displayed behavioral asymmetry and differential response to apomorphine

administration.  Thus, transient restricted use of one forelimb during the period of

MPTP-induced neurodegeneration resulted in permanent behavioral and

neurochemical lateralization.  In these animals, the hemisphere corresponding to

the transient disuse displayed significant long-term decreases in DA terminal

markers compared to the hemisphere corresponding to the use.  Though no
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differences in total DA content between hemispheres were detected in MPTP +

cast animals, the alterations in both the critical DA transporter protein as well as

TH levels strongly suggest increased damage in the striatum corresponding to the

transient disuse.  In addition, the significant loss of total DA content following

MPTP administration allowed for only a small window of exacerbation of total

DA content loss.  The neurochemical findings of use-dependent asymmetry of

loss are further strengthened by the sustained limb-use asymmetry and response to

apomorphine in MPTP + cast animals.  Interactions between post-injury demand

and neuroanatomical recovery have also been found in other models of CNS

injury (Morgan et al., 1983; Bury et al., 2000), but this is the first study to show

that transient asymmetrical behavior can result in long-term behavioral and

neurochemical asymmetry in a bilateral injury model. These results support the

hypothesis that decreased physical activity during the period of nigrostriatal

damage is not merely a symptom of the DA loss, but may contribute to the

behavioral and neurochemical impairments.
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Figure 7.1.  Neurochemical and behavioral lateralization following transient
disuse in MPTP mice.  A.  Immunoreactivity of the dopamine
transporter was significantly increased in the hemisphere
corresponding to the forced use in saline + cast animals at day 7
post-injection.  In contrast, immunoreactivity of DAT was
significantly decreased in MPTP + cast mice corresponding to the
disused hemisphere.  B.  A sustained decreased in DAT
immunoreactivity was found in the MPTP + cast animals in the
hemisphere corresponding to the transient disuse.  C.  A significant
decrease in VMAT2 immunoreactivity was found in the hemisphere
corresponding to the disuse in MPTP + cast animals.  D.  No
differences in VMAT2 reactivity were found between hemispheres
at 30 days post-injection.  E.  A trend towards increased TH
reactivity in the hemisphere corresponding to the use was seen in
saline + cast animals, and a significant decline in TH reactivity was
found in the hemisphere corresponding to the disuse in the MPTP +
cast animals.  F.  As seen on day 7 post-injection, transient disuse of
one forelimb following MPTP administration resulted in a
significant decline in TH immunoreactivity in the hemisphere
corresponding to the disuse.  Western graphs are based on a mean of
6 blots.  G.  Forced disuse of one forelimb for 7 days following
MPTP administration (MPTP + Cast) resulted in sustained
asymmetry of limb-use during wall explorations.  H.  Apomorphine
administration resulted in a pronounced curving of the torso in only
the MPTP+ cast group (*p<. 05 compared to “use” hemisphere; + =
.06: saline n = 5, saline cast n = 6, MPTP n = 6; MPTP cast n = 7).
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General Summary and Conclusions

The effects of PD on motor behavior were known long before James

Parkinson first published the description of the disorder that now bears his name

(Parkinson, 1817).  Many of the models used to study PD have neglected the

behavioral aspects of the DA depletion.  The overall goal of this dissertation was

to characterize these behavioral manifestations as well as explore the role the

altered behavior has on the progression of dopamine neuron loss.  Knowledge of

the early behavioral and sensory symptoms of altered dopamine transmission

described in this dissertation will allow for earlier detection of the disorder and

improved prognosis for PD patients.

Prior to development of the battery of behavioral tests described in this

dissertation, the MPTP mouse model of Parkinson’s disease (PD) was limited by

its inability to demonstrate persistent motor deficits.  Without measurable

behavioral correlates to striatal dopamine integrity, this model failed to replicate a

vital characteristic of the disorder.  Of primary importance to this dissertation, the

lack of behavioral measures greatly limited our ability to evaluate the effects of

post-injury behavioral modification.  Therefore, we developed a battery of

behavioral measures sensitive to perturbations in the nigrostriatal system of

C57BL/6j mice.  The manuscripts on this topic outline two detailed behavioral
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tests to measure MPTP-induced motor deficits.  The first is a stride length test,

which has been performed in rat models of PD as well as in other mouse models,

but not in MPTP mice.  The second test, the grid test, is novel.  The three

measures, step length, forepaw fault and contact time with the wall, were highly

correlated to striatal DA levels, and impairments on these measures reversed

following L-Dopa treatment.  I did not include all behaviors measured during the

grid task in the included manuscripts, but it should be noted here that the majority

of measures I examined were not successful between group variables and/or not

correlated to striatal dopamine content.  Examples of these measures were:

hindpaw faults, hindpaw step distance, the number of both forepaw and hindpaw

steps per trial, the ratio of forepaw to hindpaw steps, and uncommitted forepaw

steps.  There are also other performance measures on the grid, which I believe

may be useful indices of striatal DA integrity, but they have not been fully

characterized, and thus are not included in this dissertation.  These potential

measures are currently being studied.  Development of this battery of tests

allowed for successful evaluation of post-injury modifications in behavior in

MPTP mice.  More generally, the incorporation of these behavioral measures will

allow for more efficacious use of the MPTP mouse model in further research of

potential therapies for PD.
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The second hypothesis of this dissertation expanded the concept that

altered dopamine transmission in mice results in behavioral deficits.  More

specifically, we examined olfactory deficits in mice with altered of dopamine

systems.   In this manuscript we defined the role of the D2 receptor in olfactory

discrimination using intact and behaviorally active animals.  Specifically, these

data demonstrated a discrete and specific olfactory discrimination deficit in both

DAT KO and D2 KO mice, and the neurochemical data reinforced our proposed

model that the balance between excitatory input from primary receptor neurons

and inhibitory input from periglomerular interneurons may be lost in animals

lacking DAT expression.  A limitation of this work is the lack of specificity of

altered D2 function in the olfactory bulb of DAT KO mice.  D2

immunohistochemical staining within the olfactory bulb was decreased compared

to wild type controls in DAT KO mice, but the functional significance of this

decline is not known.  In other words, how do the remaining D2 receptors respond

to dopamine binding?  There are two primary options, supersensitivity or

decreased reactivity (uncoupling).  One possible option for examination of the

function of these remaining receptors is to administer D2 agonist and/or

antagonist and test olfactory discrimination performance in both WT and KO

animals.  Another option is to chronically administer low levels of a D2 receptor

inverse antagonist.  If the remaining D2 receptors are uncoupled in the olfactory
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bulb, as is seen in the D2 autoreceptors of in the striatum of DAT KO mice,

administration of this exogenous drug may displace the intrinsic ligand allowing

for re-coupling of the receptor or replacement of the uncoupled receptors with

functional receptors.  Finally, a limitation in our behavioral analysis is that we did

not demonstrate that DAT KO mice could perform discrimination procedures

using non-olfactory cues, such as tactile or taste cues.  Since, conditioned place

preference has been demonstrated in DAT KO mice, and as this measure relies on

tactile discrimination, we believe it is unlikely that the olfactory discrimination

deficit described in this manuscript are due to altered learning of discrimination

tasks.

As mentioned in the introduction, there has been little enthusiasm for the

use of olfactory testing as an aid in the early diagnosis of PD and several other

neurological disorders characterized by early olfactory dysfunction.  One of the

reasons for this reluctance is the difficulty in explaining why disorders with either

increased or decreased dopamine transmission would result in a similar olfactory

phenotype.  In our manuscript, we were able to characterize a common underlying

factor for olfactory deficits in both hyper and hypo-dopaminergic mice, thus

creating a logical link between the deficits found in dopaminergic disorders, and

we clearly demonstrated the previously hypothesized role of D2 in discrete

olfactory processing.
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Significant declines in physical activity begin years before the diagnosis of

PD.  We hypothesized that this striking inactivity was not only a symptom of the

dopamine neuron degeneration, but could also contribute to the progression of the

disease.  Therefore, we manipulated the level of activity following nigrostriatal

injury in both 6-hydroxydopamine (6-OHDA) and MPTP retire-breeder mouse

models of PD.  First, we tested the hypothesis that incorporation of moderate

treadmill running soon after nigrostriatal insult in both 6-OHDA rats and MPTP

mice would result in improved behavioral performance and increased striatal DA

system integrity.  The results clearly demonstrate that moderate treadmill running

initiated soon after insult in rats unilaterally depleted of DA leads to an

attenuation of neurochemical loss and a sparing of behavioral impairment. This

attenuation of loss was measured was seen in both measures of total dopamine

content and dopamine terminal reactivity, but also in the percent remaining in the

lesioned hemisphere compared to the non-lesioned hemisphere.  Though there

were no significant overall group differences in the amount of dopamine or

dopamine terminal reactivity in the non-lesioned hemisphere, there is a noticeable

decline in the dopamine content 30 days after lesioning in the intact hemisphere

of lesioned animals forced to run compared to the intact hemisphere of lesion only

animals.  We believe the alteration in the dopamine content in the non-lesioned

hemisphere may be a result of long-term behavioral modifications in the use of
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the forelimb corresponding to that hemisphere.  Given the time course of

degeneration in the 6-OHDA model and the time-course of our exercise regimen,

we proposed two explanations that alone or in combination could account for the

attenuation of neurochemical loss in the lesioned rats exposed to running.  The

first possibility was that the reduction in DAT:VMAT2 resulted in decreased

susceptibility of the lesion/run animals to the toxin. The second possibility was

that both lesion groups received equal DA neuron loss, and that the

neurochemical recovery found in lesion/run animals was via remaining terminal

plasticity in the striatum following running.

Moderate treadmill running resulted in long-term recovery of MPTP-

induced behavioral deficits in retired breeder mice, as well as increased striatal

DA and DA terminal markers compared to sedentary MPTP mice.  Unlike the

young unilaterally lesioned rats, the retired breeder mice displayed only moderate

increases in striatal DA integrity, but did have significant behavioral

improvement.  Several possibilities could underlie the differences seen in these

two studies.  For example, the PD model differed between studies, the exercise

regimen was different, and/or rats and mice are different species.  I believe the

critical factor was the difference in age.  One of the strengths of the MPTP mouse

model of PD is its ability to model the limited plasticity seen in the aged brain

(Ali et al., 1993; Desai et al., 1996).  In addition, other means of recovery have
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been limited in retired breeder mice compared to young mice following striatal

damage (Date et al., 1990).  One of the primary interests in this overall hypothesis

lies in possible ramifications of these studies on PD patients. Therefore, the study

using retired breeder mice may be the most applicable of the forced use

experiments to PD patients because this model not only reflects the dopamine loss

found in PD, but is also performed using an aged animal, hence a brain with

limited plasticity.  Both of these studies further support a role for physical therapy

in the treatment of PD.

The final hypothesis of this dissertation was decrease physical activity

during either 6-OHDA or MPTP-induced degeneration of striatal DA neurons will

exacerbate behavioral and neurochemical loss.  Forced restraint of the impaired

forelimb in animals with mild unilateral 6-OHDA lesions resulted in long-term

behavioral impairments and increased neurochemical damage.  In addition, in rats

exposed to a larger dose of 6-OHDA, the effects of forced disuse following the

protective effects of forced use were tested.  Marked behavioral and

neurochemical deficits were observed in forced use animals that were subjected to

delayed forced disuse of the impaired forelimb. These findings suggest three

points that are important to PD research.  First, decreased physical activity during

the degenerative process exacerbates behavioral and neurochemical loss in

unilateral parkinsonian rats.  Second, these findings caution against a
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reinstatement of a sedentary lifestyle following treatment with physical activity.

Finally, forced reliance on the impaired forelimb for only the first 7 days

following severe 6–OHDA lesion, does not result in an intact (non-vulnerable)

dopaminergic system.

Finally, when retired breeder mice were forced to disuse one forelimb

during the period of MPTP-induced degeneration, a long-term behavioral and

neurochemical lateralization resulted.  Animals treated with MPTP and exposed

to lateralized use of the forelimbs (one forelimb casted) displayed neurochemical

changes during the period of altered behavioral demand, and these alterations

persisted up to 30 days after MPTP exposure (3 weeks after the removal of the

unilateral cast).  These animals also displayed behavioral asymmetry and

differential response to apomorphine administration.  Thus, transient restricted

use of one forelimb during the period of MPTP-induced neurodegeneration

resulted in permanent behavioral and neurochemical lateralization or asymmetry.

These results further support the hypothesis that decreased physical

activity during the period of nigrostriatal damage is not merely a symptom of the

DA loss, but also contributes to the behavioral and neurochemical impairments.

The studies described in this dissertation emphasize both the existence and the

relevance of motor impairments in PD models.  In addition, they demonstrate the

interaction between injury and behavior.  Our findings may not only allow for
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earlier diagnosis of PD, but also result in incorporation of physical therapy in the

treatment of the disorder.
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Appendix A: Proposed Experiments

Behavior

1. An expansion of the behavior at different doses of MPTP would be

beneficial as the dosing schedules for MPTP vary between labs.  Also,

it would add great strength to the tests if other animal models of

neurodegeneration were tested, such as stroke, other models of PD,

and knockout mice.

2.  There are several other measures on the grid that I would like to

examine.  The incorporation of the wall onto the grid was an edition to

the test that was already on the grid when I started using it.  The reason

Dr. Savelieva put it on the grid was to keep the mice from transversing

to the other side during the hangtest.  I believe that this annoying

transversing could be a very easy measure of striatal DA integrity in

these animals.  I predict that the more depleted the animals are of

dopamine, the longer it will take them to transverse to the upper-side

of the grid.  In fact, I would suspect that the depleted animals may

never transverse, as it is a complicated motor task. The exact opposite

could be true.  Often times animals with injuries will look totally

normal during a behavior task, but if you allow them a “crutch” during

the task, or a way to get out of doing the task, the injured animals with
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preferentially rely on this crutch.  If the depleted animals can

transverse to the other side of the grid, they may actually do this more

often than intact animals.  Either way, this is one example of a motor

performance measure on the grid, which may prove useful and very

easy in the future.

Olfactory

1. The obvious piece missing in this study is the neurochemistry on D2

KO mice.

2. I highly suspect a sensitivity difference in both DAT and D2 KO mice.

My measures were not sensitive enough to detect this, but I think

demonstration of this difference would lend even more support to our

model, as well as further demonstrate similarities in the olfactory

deficits of these mice and the olfactory deficits seen in disorders with

altered DA transmission.

3. I think a further analysis of heterozygote mice in both groups would be

beneficial.  Though the deficits will probably not be as pronounced as

the KO’s, mild manipulations of the system, similar to Doty’s work

with DA receptor agonist and antagonist, may pull out a different in
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the HETS compared to WT.  In addition, neurochemistry of the

olfactory bulb would be interesting.

4. DA acts as a neurotrophic factor in the developing olfactory bulb.

Because these mice have altered DA transmission, the role of DA in

development of the bulb could be further examined.  No difference in

overall structure of the bulb was observed, the fact that literature

suggests that DA is important as a neurotrophic factor in the

development of the olfactory bulb suggests some very interesting

compensation in these animals.

5 .  Finally, the effects of systemic MPTP on the olfactory bulb

neurochemistry and possible olfactory function should be tested.

Rat Running

1. The findings of experiment three, limited plasticity in old mice, strongly

suggest a replication of experiment one with old rats.

2. The alteration in DAT:VMAT2 ratio suggests a possible protective role

for pre-injury exercise.  I suggest a  similar regimen of moderate treadmill

running, followed by a striatal lesion.  6-OHDA is taken up into the

terminals via DAT, therefore the decrease in DAT 72 hours after the last
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running session should create a moderate resistance to the toxin and a

decrease in behavioral and neurochemical loss.

3.  Measurement of DAT uptake following the same regimen of running in

control animals.

4.  We found a significant decrease in total striatal DA content in sham

runners vs. sedentary runners 72 hours after the last running session.  This

difference was still noticeable 20 days after the last running session (at the

day 30 sacrifice time point).  Research on the effects of exercise on striatal

DA strongly supports an increase DA transmission and metabolism during

exercise (Appendix: Table 1).  Chronic changes (defined as measures

taken > 12 hours after the exercise bout), include increased D2 binding

and decreased basal activity of DA (measured by microdialysis).  I think it

is worth following up on this observation to see if transient running can

result in long-term changes in total DA content.

5. Several animals were removed from studies because they decided to stop

running several days after running began.  Though these animals were not

included in the studies, I did continue to monitor their behavior and

measured neurochemical loss.  From my limited observations, the first 2-3

days are critical to sparing of function.  In other words animals that ran on

the day of lesioning and the next day showed equal sparing as animals that
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continued to run throughout the designated 10 days.  One animal did not

run the first day, but started running on the second trial of day 1 post-

lesion.  This animal was not included in the study, but he showed only

transient behavioral sparing (during the period of running) and no long-

term neurochemical sparing.  This is very different from my observations

of animals in my pervious study looking at forced reliance.  If an animal

came out of its cast at any time prior to day 7 post-lesion, the forced

reliance was ineffective.  These differences suggest to me different

mechanisms of sparing between these two groups, either in magnitude or

total mechanism.

a. Based on these observations a time course of running and sparing

would be beneficial.

b. Uptake differences following the first couple of running sessions

may reflect a possible mechanism by which running can protect

very early after the lesion.  A comparison with casted animals at

the same time-point may also be of interest.

c .  Of course the elucidation of a mechanism of action is always

desirable, though I have never believed that there is one magical

growth factor or metabolism change that accounts for the effects of

exercise.
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6. It should be noted that a different strain of rats were used in these running

experiments than were used in the other rat experiments (the disuse study

and previous work performed in our lab).  We did not see any behavioral

or neurochemical abnormalities that concerned us that this change in rat

strains might influence the interpretation of our results, or the comparison

of these results to other studies using Hooded Long-Evans rats.  Fisher rats

were used instead of Hooded rats because they were readily accessible at

the Animal Resource Center, thus we did not have to wait for shipment of

the animals, delay research for the animals to become acclimated to the

environment, and the overall cost of the animals was significantly less.

Mice Running

1. The obvious comparison of young versus old mice following MPTP

administration is recommended.  The dose of MPTP may need to vary

between young and old mice.  The speed of treadmill running

implemented in the study described in this dissertation was chosen to

mimic a fast walk, and preliminary work strongly cautioned against

higher speeds because of exhaustion in some mice.  Young mice will

be able to run faster and for longer periods of time.  In addition, young

mice show spontaneous recovery of striatal markers following
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moderate doses of MPTP.  Therefore, either a robust dose of MPTP,

leading to permanent lesioning in young mice will be needed, or an

evaluation of SN cell counts for smaller doses.  Larger doses in young

mice will greatly inhibit the initiation of running at 12 hours post-

lesion.  All of these factors will need to be considered.  One possible

way to increase the speed of treadmill running in old mice would be

more extensive pre-lesioning training.  I avoided this in my studies

because I wanted to test the effect of post-injury exercise.  A wealth of

literature supports long-term changes following even modest bouts of

exercise in factors including neurotransmission and response to free

radicals, therefore the pre-training would confound interpretation as a

post-lesion effect.

2. Of primary interest in the experiment in this dissertation was a model

of PD; therefore the use of retired breeder mice was justified.  I

modeled the regimen of treadmill running after the previous rat

running study.  The establishment of the lesion in MPTP mice is a

longer process than in 6-OHDA rats.  In hindsight, I would have

changed my length of running to compensate for this.  In other words,

a longer period or running may produce an even greater increase in

striatal DA integrity in MPTP mice.  In addition, the 12-hour time
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point at which I tested the mice allowed for a significant lesion effect

prior to any treadmill running.  I believe treadmill running begun at a

shorter time-point following the second-injection (for example 2 hours

like the 6-OHDA rats) will produce more significant sparing as well.

Rat Disuse

1. Pre-injury forced use of the forelimb that will correspond to the lesion

results in improved behavioral and neurochemical outcome (see

General Introduction).  The effects of pre-injury disuse, in my opinion,

would show the opposite effect.  In addition, an overwhelming amount

of research has been done on the effects of forced activity in intact

animals, I think the findings in this dissertation on the detrimental

effects of disuse are the most important findings of this report.  For

that reason, an understanding of the changes following a sedentary

lifestyle that may create a brain more susceptible to damage would be

very interesting.

Mouse Disuse

1. I think this study is very important, but I think there is a wealth of

possibilities to expand this finding.  First, I would try different doses
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of MPTP and most important I would use both young and retired

breeder mice, as the young animals will give you more plasticity.

2. In my preliminary studies (described in my proposal), I described my

attempt to create bilateral disuse, which failed.  T.A. Jones always uses

a control cast that allows for movement of both forelimbs in her forced

use studies.  I think this may be a way to decrease movement

bilaterally in mice.  This decrease in movement could be measured

using the activity monitor.  In addition, further studies with unilateral

casts should also include a gross measure of activity in between groups

using the activity monitor.

3. Finally, as discussed above for the running studies, the time course of

MPTP lesioning is different that 6-OHDA lesions.  I chose the length

of disuse based on my previous rat studies.  I think the effects of

lateralized use will be much greater is the cast is left on longer.  I

would suggest 14 days.
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Table A.1.  Summary Table of Exercise Literature. Brief review of literature on
the effects of exercise on striatal dopamine. (Acute (< 4 hours
following last exercise bout)).
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Animals                       Exercise          Acute/LT         Brain Area       Results
Sheldon et al. (Sheldon et al., 1975)
Female Mice Treadmill:    Acute Whole Brain No change
(25-30gr) 5.4m/min, 150min

Bliss & Ailion (Bliss and Ailion, 1971)
Male Mice Swimming: 1hr, 37C   Acute Whole Brain Swimming: + HVA
(35 g) Spont. Running: 30 min + DA metabolism

Running: + HVA

Freed & Yamamoto (Freed and Yamamoto, 1985)
Male SD Rats Treadmill: 20 min.    Acute Striatum + DA, DOPAC
(300-350 g)

Speciale et al. (Speciale et al., 1986)
Male SD Rats Running wheel    Acute Striatum + DA metabolism
(250-300 g) 6.3 m/min warm-up

1hr 12.6 m/min

Heyes et al. (Heyes et al., 1985)
Male SD Rats Treadmill    Acute Striatum + DA, DOPAC,
(350-400 g) 36.0 m/min HVA and Ratios

6min – exhaustion

Chaouloff et al. (Chaouloff et al., 1987)
Male Wis. Rats Treadmill    Acute Striatum +DOPAC, HVA
(220-250 g) 22m/min Mid Brain + DA, DOPAC,

60 min HVA

Bailey et al. (Bailey et al., 1992) 
Female Wis. Rats Treadmill    Acute Striatum +DA, DOPAC

20 m/min, 5% incline
60 min

Hattori et al. (Hattori et al., 1994)
Wis Rats Treadmill: 20 min    Microdialysis Striatum + DA, DOPAC,

18m/min HVA

Meeusen et al. (Meeusen et al., 1997)
Male Wix Rats Treadmill: 60 min    Microdialysis Striatum + DA
(250-300 g) 26m/min

Berolucci-DiAngio et al. (Bertolucci-D'Angio et al., 1990)
Male SDRats Rotorod: 40 mins    Voltammetry Striatum + DOPAC
(250-300 g) 5m/min

Elam et al. (Elam et al., 1987)
Wis. Male Running Wheel    Acute Striatum   - DOPA

Spont. Running (decreased DA synthesis)
5km/12 hr/7days    Chronic Striatum = DOPA
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Gilliam et al. (Gilliam et al., 1984)
Male SD Treadmill    Chronic Striatum + D2 Receptor
(530 – 550g) 27m/min, 12 wks, 6d/wk binding

or interval training

MacRae et al. (MacRae et al., 1987a)
Male SD Treadmill    Chronic Striatum + D2 Receptor
(young) 27 m/min, 6 months, 6 d/wk binding , = levels

of DA, DOPAC
and HVA

Meeusen et al. (Meeusen et al., 1997)
Male Wis. Rats Treadmill: 6 wks    Chronic Striatum Decreased basal
(250-300g) wk 1: 30 min 19m/min activity of DA

by final wk: 26 m/min 80 min
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Appendix B: Statistics

I am including this appendix as an overall summary of the statistical

applications performed.  For all statistics run in this dissertation, post-hoc

measures were Bonferroni corrected, if not by the program then by me, to limit

my overall error-rate of individual processing to < .05.

Behavior

Neurochemical measures were analyzed as described above. Behavioral

measures were subjected to repeated measures ANOVA’s.  When group X

interactions were found, observation of the data in graph form mediated my

decision of post-hocs.  If the interaction was driven by the lesion-induced changes

between pre-test and post lesion scores, only an analysis of overall group

difference from saline controls was performed.  On the other hand, if the obvious

variability between testing days within groups, a more extensive analysis of

treatment vs. saline control at each testing day was performed.

Finally, the correlations between striatal dopamine content and terminal markers,

and between striatal DA, DAT, VMAT2 and TH with behavioral analysis on the

final day of testing for retired breeder mice.  The correlation performed was a

Pearson Product moment correlation.  Because, pre-analysis graphing of the data
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strongly displayed a linear relationship between several of the behavioral

measures and the amount of striatal dopamine, I ran this form of bivariate

correlation because Pearson’s correlation coefficient is a measure of linear

association.

Olfactory

The different behaviors measured in this experiment required differential

analysis.  First, in the first discrimination procedure, there was a repeated

measures paradigm (with the habituated trial and the novel trial being two

measures within the same animal).  This analysis showed a group X odor

interaction, allowing for further analysis of each groups response between trials,

as well as a clear discrimination between the two groups responses (the WT

animals showed an increase measure on the second trial indicative of

discrimination, whereas the KO animals did not display this reaction). In addition,

a repeated measures ANOVA (group X inter-trial interval) was conducted in the

long-term habituation/ memory task.  For discrimination experiment two and

sensitivity, individual one-way ANOVAS per group were used because this

measure had two distinct variables that tallied to the total time.  It was most

parsimonious to compare the two response times individually between groups.

Finally, one-way ANOVAs for group difference in all sensory controls were run
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to answer the basic question of do the groups differ on these gross sensory

measures.

Immunostaining was scored by a blinded observer and categorically

organized as: minimal (+/-), mild (+), moderate (++), or strong (+++).  No

statistical measures were run on immunostaining, as the DAB precipitation

process is not linear.

Alterations in Activity Following Nigrostriatal Insult.

For behavior an overall repeated measures was run.  Significant

interactions justified individual comparisons at each testing day.  Usually, I would

have just done Dunnett post-hocs of an overall group effect after dropping pre-test

scores (because the lesion increase will lead to the interaction and dropping this

day will alleviate the interaction effect), but because of the changing deficits

within groups dependent on behavioral demand, individual testing days were

necessary.

One-way ANOVA’s were performed for neurochemical markers with post

hocs comparing each lesion group to the sham controls, as well as to the lesion +

run animals when applicable.  In addition, a Chi-Squared for response to

apomorphine was performed in the MPTP disuse study.  Chi-Squared measures a

categorical difference between groups (either a responder or not).  In other words,
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Chi-Square procedure puts the designated variable, in this case response to

apomorphine rotation, into categories ( response; no response). This goodness-of-

fit test compares the observed and expected frequencies in each category and tests

whether all categories contain the same proportion of values or if there is a group-

specific difference in frequencies.
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